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Summary 
During the period 1955~58, 582 new gravity stations 
were established in the Western Isles using Worden and Frost 
gravity meters. The results showed that the Tertiary 
Plutonic Centres-are characterised by high positive Bouguer 
anomalies, the anomalies over the Skye and Mull centres 
- t73 mgals. - being the highest yet recorded in the British 
Isles. 
Three main pre.mises were adopted in the geological 
interpretation of the gravity anomalies: 
1. That the similarities between. the gravity field over 
the Tertiary Centres, and those found over active 
and extinct volcanoes elsewhere, are significant, 
and imply a similarity of origin and geometry. 
2. That the most likely space form, both geologically 
·and gravimetrically, of the subjacent magma chamber 
is a vertical cylinder widening towards the base 
and extending-downwards into the intermediate layer. 
3. That departures from the normal gravity field 
associated with a vertical cylinder are due to 
1) the complicating effects of the lighter granitic 
masses seen at the surface and ii) an over 
simplification in the original model. 
It seems likely that the anomalous mass would be more 
accurately repre·sented by a series of interacting vertical 
cylinders situated beneath the individual centres within a 
.J 
I 
! 
I 
i 
l 
plutonic complex, rather than by a single cylinder. 
A theoretical model consistent with the magnitude of 
either the Skye, or the Mull anomaly, has a diameter of 
11 miles and a similar depth.· Obvtously the presence of 
these large basic masses within the granitic layer creates 
a large, and hitherto unsuspected,•basaltic space problem' 
which can only be re.solved by assuming a stopirig type of 
mechanism. 
The associated granites and granophyres have little 
effect on the main positive anomaly and are generally less 
than a mil~ in thickness. Their space form is laccolithic 
rather than batholithic and serves to emphasise the 
difference between the Tertiary granites and the post 
tectonic granites. 
A gravity low in North Skye is interpreted as a 
Triassic trough same 2000 feet deep underlying the Jurassic. 
Another •low' in Sleat is believed to be the result of a 
thickening of the lighter Torridonian above the Kishorn 
Thrust. The gravity field over the Ross of Mull granite 
is unlike that normally associated with either Tertiary or 
Caledonian granites, arid a suggested interpretation is that 
the granite is in the form of a wedge terminating to the 
west along the line of the Moine Thrust. 
Finally, the origin o.f the Tertiary basalts is 
discussed as the result of major rifting of the crust and a 
phase change within the mantle. 
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Chapter l 
GRAVITY ANOMALIES AND VULCANISM 
The evidence of things unseen is the principal 
characteristic of our science (Jaggar). 
The majority of the information about both modern and 
extinct volcanoes has resulted from geological field studies 
and laboratory e~eriments. Of necessity, this study has been 
confined to the limited vertical section e.Jeposed at the 
surface, and of the underlying magma chrunbers comparatively 
little is known. This fact was emphasized by Williams :'(1954) 
who in a paper on the problems facing volcanology wrote: 
'Much light might be thrown on this question of the shape and 
depth of reservoirs by geophysical exploration, especially in 
volcanic fields that rest on foundations whose structure is 
simple and whose stratigraphy is known.' Whilst Professor 
Williams probably had active volcanoes in mind, the gravity 
results already obtained by Cook and Murphy over the extinct ., ~, 1 .. :. 
Tertiary volcanoes of Slieve Gullion and Carlingford, 
suggested that a gravity survey of the Tertiary Volcan-ic. 
Centres of Western Scotland could have considerable interest. 
And so the present work was undertaken in order to investigate 
the shape and depth of the postulated magma chambers beneath 
the Tertiary centres. The half-hope was also entertained that 
the results might help to elucidate certain problems of 
petrogene1is and origin. Unfortunately, the study appears to 
have created several to those which it 
has solved. 
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Although much of the stratigraphy of the Inner Hebrides is 
known, the structure· could not be said to be sirr.q>le, and of the 
geophysical methods available gravity alone is a practical 
proposition. ·The sei·smic method is expensive and, owing to the 
complexity of the basement structure, it is doubtful if the 
results could be interpreted when obtained. Magnetic 
measurements could be of value in Arran, but in the other 
cen~res, the strong magnetic field associated with both the 
basalts and the gabbros would preclude the use of any 
instrument more sensitive than a compass. A/,4~,~ .-_J_._;~-,-c. ..su""_:!.Y 
~~· Ac. ,_r- ,.........., ..... e._ 
If the Tertiary Plutonic Centres are - as Judd suspected -
the basal wrecks of great central volcanoes, then their gravi~ 
field should resemble the gravity field over recent and modern 
volcanoes. The application of this rough geophysical 
uniformitarianism leads to the corollary that, if the observed 
gravity fields are similar both in the size of the anomaly and 
its disposition, then the causes of the field are similar, and 
the interpretation can proceed on similar linea. Thus, an 
examdnation of the ~avity field over modern and recently 
extinct volcanoes could have considerable value for the present 
work. Unfortunate~y, evidence is scanty, and as is so often 
the case, the results are in the for,m of the isostatic anomaly; 
and the effects which might reasonably be attributed to the 
geology have tended to become lost in the mathematical 
manipulations. 
General association of gravity anomalies and vulcanism 
Regions other than Great Britain 
It has long been axiomatic that the inner volcanic island 
.J 
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~res have positive Bouguer anomalies. The volcanic line is one 
of maximum gravity; crustal warping bringing the higher dens!~ 
lower layers nearer to the surface. Generally the evidence is 
insufficient to determine the form of the magma chambers. 
Hawaii 
Much of the geophysical controversy which has ranged 
around the Hawaiian volcanoes has been concerned with the 
testing of the various isostatic hypotheses and determining 
the strength of the crust beneath the Pacific. Of the form of 
the underlying magma chamber little is known gravimetrically. 
Seismic evidence indicates .the existence of a magma chamber 
at a depth of some 60 kilometres (Jones 1938). This is well 
below the Mohorovicic discontinuity and presumably r~resents 
the ultimate source of the basaltic magma before it rises into 
higher level sub crustal magma chambers. This, perhaps, 
supports Kuno's contention that a basaltic magma can be 
derived only by a partial melting of the sub-MohorQvicic 
peridotite layer. 
The neighbouring island of Oahu has been investigated in 
some detail by Vening Meinesz (1934:)' and Woollard (1954). The· 
geology is fairly simple, the island having been formed by the 
coalescence of basaltic material tram two volcanic domes. 
The Bouguer anomaly profiles (Fig. 2) show a close 
correlation with the geology, two gravity highs of 110 mgals 
each, corresponding with.. the ancient volcanoes of Waianae and 
Koolau. There is, however, no·noticeable distortion of the 
gravity~field over the later and smaller centres of volcanic 
eruption. 
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The interpr~tation of the anomaly - mainly due to Woollard 
- was based on the effects of a vertical cylinder whose diameter 
was that of the surface caldera (4 miles) and a density 
contrast of 0.6 gms/cc. On this basis a cylinder 7.9 Kms. long 
was indicated. This value is a minimum since such a high 
density contrast is not likely to be maintained at depth. 
Bermuda 
Bermuda is a less obvious volcanic example, the volcano 
having been long extinct and peneplaned to sea level. Yet the 
gravity field is remarkably similar to that already noted over 
the Hawaiian volcanoes. Such geological evidence as is 
available suggests that the volcanoes of the late Cretaceous 
age, and borings through the surface capping of Oligocene and 
recent limestones have proved the volcanic nature of the 
basement. At its greatest development during the Cenozoic, 
the volcano may well have stood 10000' above sea level. 
Figure 3 shows the Bouguer anomalies over the island. The 
.maximum anomaly of 55 milligals coincides with a magnetic 'low' 
and it is almost certain that this is related to one of the 
major volcanic pipes which supplied the island. On the basis 
of the gravity evidence the diameter of the pipe would appear 
to be 2.5 miles. The remainder of the anomaly has been 
interpreted in terms of a crustal flexure displacing the 
'Moho' ·toge~her with a regional magma chamber 200 kms. wide at 
t 
a depth of 60 Kms. Other mass distributions will obviously 
produce the same anomaly, but as in the case of Oahu, the 
authors believe this interpretation to be consistent with the 
seismic evidence. ( JI'/P~~tr w-~,// .,tJ_, /~S".f,4.) 
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Puerto Rico 
Puerto Rico (Fig. 4) provides more geological evidence 
' than Bermuda for its volcanic origin, but is less typical in 
that the main lavas are andesitic rather than basaltic. From 
the stratigraphy - summarised by Schu~hert (1934) - it appears 
that explosive volcanic activity prevailed through the island's 
early development. Eruptive activity was followed by intense 
folding and plutonic intrusion. The four known volcanoes were 
subsequently buried beneath Oligocene and Miocene limestones. 
The Bouguer anomalies (Shurbet and Ewing, 1956) are 
curious in that they do not correspond with the surface 
geology. An area of maximum positive anomaly - same 65 milligals 
- is associated with hydrother.mally altered and silicified lavas, 
and it seems probable that both the anomaly and the 
metamorphism are related to dioritic intrusion along a N.W. -
S.E. line. (This has been indicated on the text figure). As is 
the case with the Tertiary granites of Western Scotland, local 
gravity minima are found over granitoid intrusives which are 
believed to be related to the original Cretaceous vulcanism. 
Hess (1955, p.431) has suggested that the andesitic lavas of the 
West Indies are derived by melting of the gabbroic. material 
forming a· downward bulge of the crust; a structure which is 
consistent with the geophysical evidence. 
The Mediterranean ~ 
Gravity measurements in the Aegean made by Oassinis, 
revealed a large positive anomaly of 100 mgals over the volcano 
of Santorin. Other measurements in the eastern Mediterranean by 
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Cooper and others (1952) indicated positive anomalies over 
Malta and the· active vol-canoes of Pantellaria. The largest 
positive anomaly in the world - 193 mgals - is found in 
western Cyprus. Even assuming a· density contrast of 0.6 mgals 
the thickness of basic material consistent with the anomaly is 
of the order of thickness of the granitic layer. The o~igin 
of. the anomaly is tectonic rather than volcanic, but the 
interesting feature relevant to the present work is that despite 
the enormo.us mass surplus, the island has risen rather than 
subsided since the Pleistocene •. 
Iceland 
Iceland is the last active remnant of the Tertiary 
vtilc.anici ty which originally extended throughout Western 
Scotland and Northern Ireland northwards to Jan Mayen and 
Spit•bergen. The Bouguer ano~alies are ComParatively simple: 
a negative central area contrasting with a belt of positive 
anomalies around the coast. The interpretation is both complex 
and incomplete, and leaving aside any detailed considerations, 
the negative anomaly over the centre - whatever its· cause - is 
presumably responsible for the continuous uplift of the island 
since the Ter.tiary.(i/~4rJs~n, /qs•~ 
The Nort~ West peninsula is characterised by a series of 
·ring fractures similar to those developed in other Tertiary 
regions (Bailey 1919). Cauldron type subsidences at both 
Faxa Flow and Breidi Fiord show high positive Bouguer anomalies 
of 50 and 60 milligals (Einarsson, 1954) 
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General Association of Gravity Anomalies and Vulcanism 
Great Britain and Ireland 
The Irish Terti~~ ComElex 
In 1952, Cook and Murphy published an account of a series 
of gravity.measurements over the Tertiary centres of Mourne, 
Carlingf'ord and Slieve Gullion. These four centres (there are 
two centres .in the Mournes) are ring complexes similar to the 
Tertiary Ring Complexes of Western Scotland. Like these they 
are characterised by an approximately circular form, by 
arcuate boundary fractures and by the subsidence of the country 
rock making room for the intrusions. They lie at the southern 
end of a line joining the Scottish centres (vide Fig. 1). 
The Bouguer Anomalies are highly positive (Plate 4) 
rising to a maximum value of 59 mgals over the· Slieve Gull ion 
centre (Fig. 5), the presumed site of a Tertiar.y volcano. It 
is apparent from the map that the Tertiary acid rocks have 
little effect on the main positive anomaly and that they must 
therefore be thiri. 
For the purpose of the interpretation, it was assumed 
that the mass indicated by the gravity data is the magma 
reservoir postulated by Anderson (1924, 1936) in his theory of 
the formation of cone sheets and ring dykes. The s~plest 
geometrical soli~ corresponding with the anomaly is that of a 
horizontal cylinder of basic composition with its upper 
surface 6000 feet below sea level. 
The authors admit that the horizontal cylinder is not the 
most likely form geologically, but it does satisfy some of the 
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characteristics of the gravity field and it is a s~ple for.m 
for calculation pu~oses. A cupola extending downwards to a 
great depth is favoured on geological grounds. 
Petrogenetically the results are of considerable interest, 
for whereas at the surface there is a preponderance of acid 
rocks in the ratio of 5i to 1, the Bouguer anomalies indicate 
that the mass of basic rock below must be 100 times that of 
the acidic rocks exposed at the surface. The obvious 
implicatioi_l is that these ·granites could easily be derived by 
differentiation from the enormous bulk of underlying magma, or 
by refusion of the sialic crust. In either case the anomalies 
emphasise the difference in space form between the Tertiary 
granites and the post or syntectonic granites (Bott, 1953, 
1956). 
Lundy Island 
Lundy Island is included in this section on account of 
its suspected Tertiar,v affiliations. A gravity survey 
(Bott et al. 1958) revealed a Bouguer anomaly.of 36 mgals over 
the Lundy granite, rising to 42 mgala over the adjacent 
slates. From the Bouguer anomalies a laccolithic space fonn 
was deduced, the granite having a probable thickness of 1.6 Kms. 
Both the regionally (or locally) positive gravity field and the 
lacoolithic space form are quite unlike those normally 
associated with British post-tectonic granites, and their 
closest parallel would appear to be with the Tertiary Mourne 
granites which.are less than 1.2 Kms. thick. 
Conclusion 
The above accounts of the gravity fields over active and 
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extinct volcanoes are much contracted, and for further details 
reference should be made to the original works. However, from 
thef;le accounts certain tentative conclusions can be drawn.· In 
passing, it is worth noting that none of the volcanoes 
described are pre-Cretaceous in age. 
1. Volcanoes would appear to be characterised by high 
positive Bouguer anomalies, ranging from 50 to 110 mgals. 
2. The magnitude of the anomalies coupled with the Bouguer 
gradients suggests that the masses responsible are 
intra-crustdl.ana· that they have a considerable 
extension in depth. 
3. 
4. 
5. 
6. 
Whilst an intra-crustal magma chamber is indicated by 
·the anomalies, the ultimate source of the magma appears 
to be located below the Mohorovicic discontinuity, and 
is detected by seismic rather than gravitational 
methods. For e·xanu>le, the total gravitational effect 
of the postulated regional magma chamber beneath 
Bermuda is only 2.5 mgals (Wooll.ard, 1954). 
Where acid intrusives are associated with the basic 
masses they produce local gravity minima. 
Later and smaller centres of volcanic activity 
connected with a major volcano have little or no effect 
on the main anomaly. 
The lines of equal Bouguer anomaly over the volcanoes 
are roughly circular implying a symmetrical origin. 
Previous interpretations have, however; been mainly 
concerned with depth estimations rather than attempts 
to fit a theoretical model to the observed anomalies. 
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The rest of the work is concerned with a detailed 
description of a gravity survey of the Tertiary volcanic 
districts of Western Scotland - the basal wrecks of Judd's 
central volcanoes. Chapters 2 and 3 are concerned with the 
more _routine aspects of the survey. Chapters 5 - 8 are 
devoted to an account of the gravity field over the main 
Plutonic Centres, and attempts to· find a series of theoretical 
models consistent with both the observed gravity field and the 
structural pattern deduced from the geology. 
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Chapter 11 
THE GRAVITY OBSERVATIONS AND THEIR ADJUSTMENT 
Introduction 
The gravity surveys of the Tertiary Volcanic Districts 
were begun in September 1955 using a Worden gravimeter loaned 
bythe Imperial College. A preliminary series of gravity 
measurements on Skye, established the existence of a large and 
·. .. . ... • 
previously unsuspected positive Bouguer Anomaly over Central 
Sky~, and a gravity low over North Skye and Sleat. In the 
S~er of 1956 the survey was ext~nded into Mull ~ 
Ardnamurchan, using the newly acquired Frost gravimeter, and 
the same pattern of positive anomalies was again observed. 
During 1957, the island of Arran was included in the survey and 
another positive anomaly discovered over the Central Complex • 
. Unfortunately, the usual equinoctial gales prevented us from 
extending the survey to the remaining Tertiary centre of Rhum, 
as was originally planned. 
A :fUrther series of observations were made in Skye in 
September 1957 so as to confirm the size and disposition of the 
gravity low in the north of.the island. The gravity :f'ield over ... 
the central area was more accurately delineated by measurements 
made on the adjacent o:f'f shore islands, and the island of 
Raasay was included in the survey. Observations on the islands 
were o:f' necessity sparse owing to the difficulty of moving the 
Frost gravimeter by small boat. 
The major gaps ·in the previous surveys were filled in 
during the Christmas o:f' 1957 with the aid of .the Geological 
survey's Worden gravimeter. This entailed a series of foot 
11. 
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Summary of Field Work 
Date Period of Work Nature of Work. Instruments · Observers Results 
------·-·-·-- ·- --·- ·- - - - - - ·- - - -
Sept-oct 4 weeks Gravity Survey Worden ll.H.P. Bott. · 246 gravity 
1955 of Skye Gravimeter J. Tuson stations 
May-Jtuie 3 weeks Gravity Su,rve:r M.H.P. Bott 186 gravitY" 
1956 Mull .and Frost . J. Tuson stations 
Ardnamurchan Gravimeter I 
I 
S~ptember 2 weeks Samples for 
-
J. Tuson 600 rock 
1956 density specimens 
.. determinations 
July 10 days Gravity Survey Frost M.H.P. Bott 72 gravity 
1957 Arran Gravimeter J. Tuson stations. 
September 12 days ·Gravity Survey Frost J. Tuson 43 gravit:r 
1957 Skye and Gravimeter stations 
adjacent _, 
islands 
December 2 weeks Gravity Survey Worden M.H.P. Bott 35 gravit:r 
I 
1957 Arran and Mull Gravimeter J. Tuson stations 
~-L_~----- -~-
Totals: 582 gravity stations. 600 rock specimens 
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traverses·ac~oss the more inaccessible parts of Arran and Mull 
which had been omitted from previous. surveys on account of 
transportation troubles with the Frost gravimeter. 
The total area covered by the surveys is shown on Figure 7, 
and a summary of the field work given in Table 1. 
The instruments 
None of the gravimeters used in the survey was recalibrated. 
Frost Meter 54 had previously been calibrated by Tomaschek 
(K.H.G. Rept. No. 44, 1953) against Worden Meter 45 ove'r the 
Kirklington Gra~ity bases and later in Westminster Cathedral. 
The ~inal calibration factor adopted was o.0837 mgals/D.D.±o.ooo4. 
Calibration changes with temperature are insignificant but the 
meter is very sensitive to high ambient temperatures, the latter 
producing erratic drift of up to 2 mgals. There would appear to 
be an appreciable pressure effect. 
The calibration of Worden Geodetic model ·No. 241 was 
obtained·direct from the makers and was given as 0.11496 mgals/D.D. 
This was subsequently confirmed by the owners - Imperial College. 
The Geological Survey's worden Gravimeter W345 is regularly 
calibrated over the Macclesfield Gravity bases and the figure 
· given (O.l26S3 mgals/D.D.) was correct at the time of use. 
Base Connections 
All the surveys were connected to the gravity base network 
established on the Scottish mainland by Bullerwell (unpublished) 
and so ultimately to Pendulum House, Cambridge. Details of these 
connections, and of the base networks ·set up on each island, are· 
shown on the text figures 8, 9 and 10 • For convenience, the 
majority of the bases are sited on roads and, where possible in 
sheltered spots. The bases are plotted on both the 6 inch and 
Fig.8. 
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the 1 inch maps, and a set of diagrams showing the detailed 
positions of the bases will be deposited in the Durham· Colleges 
,. 
Geology Department. 
The Skre surveys were connected to the Geological Survey's 
sravity base station at Spean Bridge through a series of 
intermediate bases. This linkage - Kyle of Lochalsh to Spean 
Bridge - was subsequently repeated by Bullerwell; his value for 
the gravity difference between the two bases differing from ours 
by o.o3 milligals. 
The Mull surveys were linked to the mainland through 
Ardnamurc~an, and. so eventually to the Geological Survey·base 
at Oarnach in Argyll. Connections between Mull (Tober.mory) and 
Ardnamurchan (Mingary) were carried o~t with Frost. Meter 54, 
observations being made in the order T J4 T T M T. Rough seas 
proved too much for the gravimeter and the final link was ruined 
by an instrumental ' jump' of 1. 7 mgals. Fortunately, drift on. 
the previous links had been small, and the quoted value of the 
gravity difference (1~.87 mgls.) is considered reliable. The 
recorded value of gravity at Tober.mory differs from Bullard's 
1936 pendulum ob.servation by 5.75 mgals. 
Base stations in northern Arran were established using the 
forward looping method (Nettleton, 1940) with intervals between 
successive readings of approximately one hour. The method and 
its errors are more tully set out in Murphy (1957). Other bases 
in the south were established by the conventional method and 
the Arran survey eventually tied into the Geological Survey base 
at Kilmarnock through Brodick and Ardrossan. 
Closure errors in the observed linkages were so small that 
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rigorous adjustment was not justified and the values given by 
the linkages to the primary Geological Survey bases were 
accepted. 
Gravity measurements on the small islands adjacent to 
Skye - such as Soay, Crowlin and Scalpay .- are less reliable 
than those on the mainland owing to lack of adequate drift 
control. Practical considerations required perial s of up to 
seven hours between base observations, 8.nd. whilst the recorded 
drift was small and ass~ed to be linear, the actual·dritt was 
probably much great$r and non-linear. Even so the errors from 
this source are unlikely to exceed o.l5 mgals. The measurements 
on Raasay are more reliable, estimates of the drift having been 
obtained by repeating stations at regular intervals. 
The Bouguer Anomall 
A gravity anomaly is usually defined as the d1 fference 
between the observed value of gravity on an absolute basis, and 
the theoretical value calculated tor that particular station from 
the International Gravity Formula of 1930. The Bouguer Anomalr 
used in this work is defined as: -
(gsta (0.09406 - O.Ol277p)h + T 
where Ssta is the observed value 
gEa .• value at Pendulum House 
~ is the theoretical value 
p is the density 
h is the height in feet above sea-level 
T is the Terrain Correction 
This corresponds with an isostatic anomaly in which the crustal 
thickness equals infinity, but unlike the isostatic anomaly · 
makes no assumptions about sub-crustal mass distributions, or as 
to the nature of the compensation at depth. 
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In the text 'Bouguer Anomaly' refers to the actual value of 
the Bouguer Anomaly on an absolute basis calculated from the 
above formula, whereas the term 'anomalr' is used to describe 
the difference between the Bouguer anomaly at a station and some 
arbitrary background value. 
The Bouguer Reduction 
The eleTation term - (0.09406 - o.ol277p)h is the correction 
to be applied to the observed gravity to reduce it to the value 
at sea level if the station is assumed to be at a height h on an 
infinite sheet of rock of thickness h and density p. The two 
parts of the correction are of opposite sign and are nor.mally 
combined into a single correction involving a height and·a 
density. 
Densities used in the Bouguer Reduction 
The following density values were adopted for the reduction: 
Granite 2.60 gm.s/cc Jurassic 2.60 g;as/cc 
Gabbro 3.00 II Triassic 2.50 n 
Basalt 2.85 II Old Red Sandstone 2.60 II 
Lewisian 2.76 It Cambrian 2.69 11 
Dalradian 2.75 II Torridonian 2.65 n 
Moine 2.75 n 
Not all the~e values agree with those given in Chapter 3 since 
I 
1· _ many' of the reductions were carried out before the final l laboratory figures were available. ~he d~erenees are unimportant 
j at the heights involved. 
; 
1 The Jurassic:r density is an average value obtained by 
estimating the lithological proportions of the typical succession 
in North Skye. These are 
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Shale 730 ·reet · density 2.58 gm.s/oc. 
Liniestone 260 II II, 2.70 It 
Sandstone 1160 II It 2.54 II 
This yields an average value of 2.58 gmsfco which was . 
subsequently ro'imded off to 2.60 gm.s/co. 
Terrain Oorrec.tions 
The ordinary Bouguer r·eduction desc:t'ibed above assumes 
that the topography is in the form of a plane of infinite 
extent. This is clearly not so in an area of high and rugged 
relief, so a further correction has to be applied to allow for 
the departures of the topography from. the plane. This is by 
far the most tedious and time consuming part of a gravity 
survey, though essential in an area such as Central Skye where 
the terrain correction frequently exceeds five milligals. 
The standard method (Hammer, 1939; Nettleton, 1940) 
subdivides the area around ea~h station into a series of zones 
and sectors of arbitrary azimuth. The average.height within 
each compartment is then estimated with the aid of graticules 
and the correction read off from the tables. This procedure 
is repeated .for each compartment in turn an·d the total effect 
found by summation. Other methods have been evolved using 
either planimeters or computa~ion charts - see for example. 
Monnet (1956) - and all allegedly save time. 
A more recent development involved the use of a suitably 
programmed electronic com~u~er (Bott, 1959·)-. In essence the 
method depends on dividing the region into a series of 
kilometre grid squares and estimating the average height of 
each square. The grid is normally made sufficiently large to 
include all but the outermost zones of the conventional zone 
chart. The correction is then deter.mined for each gravity 
station by allowing the camputor to continuously solve the 
equation: 
where .f[ 
r 
is the terrain correction 
is the height difference between square and the 
station 
is the -distance from the station to the centre 
of the square 
A is the area of the· square 
p is the density· · 
G· is ~he gravitational constant 
for each square _in turn and.then summing to find the total 
correction. · 
The. mass of each square is assumed. to lie aJ..:Mzg a vertical 
central line whose height is the average height of the square. 
The errors are large for small values of r and the programme 
is adapted so that all square-s whose centres are with1n·o.99 
I 
Kms. of the station are rejected. These rejected squares are 
then computed using the conventional method. Computer time 
can be saved by combining single squares which are.a 
considerable distance from the station and treating them as a 
single square of say 16 Km. side. 
Once the main programme has been prepared - this took 
several months - the preparation of the information from each 
area for the computer is comparatively simple. One data tape 
is devoted to the average heights of the kilometre squares 
and their grid references: the heights and grid references of 
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the stations are then punched onto another tape. After 
processing, the computer prints the.~.~.results in the form of a 
grid reference, height, and terrain correction for each 
station, together with the grid references of the unprocessed 
squares. 
Terrain correction tor Skye and Ardnamurchan were carried 
out using the conventional method. Those for Mull and Arran 
were carried out on the Durham University Ferranti Pegas~s 
Computer - Ferdinand. 
Errors 
Errors in·a gravity survey are of two types: systematic 
errors in such things as the calibration of the gravimeter 
and the density factor; and random errors in g resulting from 
the gravity measurements themselves. The probable calibration 
errors of both the Frost and the Worden gravimeters are o .~5% '*"J 
~~ asJ'e,~ed'"-~-' · 
~d are unimportant. Errors in density, whilst the principal 
source of error in a gravity survey, are unlikely to exceed 
o.o5 gms/cc or ·o.6 mgals/1000 feet. Since the majority of the· 
stations are at heights of.less than 150 feet, the error is 
unlikely· to exceed o.lo mgals. 
Random errors in the gravity observations c~ be determined 
from base linkages, drift curves and comparisons between base 
runs with different gravity meters •. The average closing error 
in the Frost base network is 0.06 mgals., and in the Worden 
network 0~02 mgals. Several stations do not lie in closed 
linkages, but errors of the same order are indicated by the 
drift curves. 
Latitudes were estimated from the six inch maps and have 
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an uncertainty of +,l sec. or+ 0.02 mgals. Where possible, 
. .. ~ -
the heights of the stations were related. to Bench Marks and 
have a possible error of±. o.5 feet of .;t·0.06 mgals. Elsewhere 
Spot Heights had to be used and the consequent uncertainty 
rises to .:!:. 2 feet or .:!:. o .12 mgals. 
Terrain corrections are accurate to ±. 0.1 mgals except 
in a few areas of high relief where uncertainties in the average 
heights of the terrain may· increase the error to i 0.4 m~als. 
· A comparison between the terr~in corrections for ten 
stations as determined by both the computer and the zone chart 
are given in Bott•s paper (op. cit). The results suggest a 
probable error of 5% in the computed values. 
The overall uncertainty ttf the anomaly is about 0.4 mgals. 
The absolute value of the Bouguer Anomaly is dependent 
upon factors extraneous to this particnlar survey, such as 
the accuracy of the Pendulum ties to Potsdam. Following 
standard British practice, the surveys have been linked to 
Pendulum House Cambridge using a value of 981.2650 gals. More 
recent determinations sugge·st that the absolute value at 
Cambridge is 981.2685 gals. (Cook, 1953). 
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Chapter III. 
ROCK DENSITY DETERMINATIONS 
Introduction 
The densities of the rooks in an area covered by a gravity 
survey are required for two purposes: the calcUlation of the 
Bouguer Anomaly,. and the ititerpretation of that anomaly. For 
' 
the ·former purpose rough values of the densities will suffice, 
unless the stations are at a great height, as a change of 
0~1 gpls/oc in the density produces a ch~ge of only 1.28 
milligals/1000 feet, Even so, this is still the greatest source 
of error in a gravimeter survey. In interpretation, the 
~portance of an accurate knowledge of the bulk densities of 
rocks cannot be over emphasised, since the densitJ contrast 
below the surface is a primary factor in the interpretation of 
the gravity anomaly caused by any given geological structure. 
Technig.ues 
A common method of determining bulk densities is 
to determine the gravitational attraction of a known thickness 
of a formation (Nettleton, 1959; Parasnis, 1952).• This is 
achieved by measuring •g• across some erosional feature such as 
a scarp. The method presupposes that there is no horizontal 
gravity gradient, or that this gradient can be eliminated, and 
that the changes observed are due to elevation and density. For 
this reason the method proved impractical in the Western Isles; 
4#U.J'N#,.,, 
a suita~le scarp and an absence of horizontalAgradient never 
occurring in the same place. 
To determine the bulk densities, a representative collection 
of rock samples was made in the summer of 1957. 
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Wherever possible specimens were collected from quarries 
excavated for road metal and good unweathered specimens of 
igneous and metamorphic rocks were obtained by this means. There 
are few quarries 1n the sedimentary formations, and the maJority 
of the Mesozoic specimens came from either cliff sections or 
small road cuttings and conseq~ently show some weathering. 
Although the reliability of the mean and the standard deviation 
increase with number, there is clearly a practical. limit on the 
number of specimens which can be collected from each exposu,re. 
Masson-Smith (unpublished) has shown that the average standard 
deviation and the range of standard deviation·is apparently 
independent of the number of specimens and that five or, at the 
most, ten, specimens per exposure is sufficient. An average of 
seven specimens was collected at· eacn exposure. Hone in a hundred 
D-./c.J'c.- specimens have an abnormal dens! ty, and -.t least tbree speotmens 
are required to ensure recognizing the abnormality. This, howevet) 
does not elim~nate the difficulty of knowing the true proportion 
·or specimens of abnormal dens1ty•Jl 
Apparatus and procedure · 
The laboratory method used does not differ radically from 
· the normal ;physical method of determining dens! ty, and is 
similar to that used by Moore 1n 1902 and Holmes in 1921.· The 
specimens are saturated with water under vacuum, weighed in water, 
weighed in air, dried in an oven, and finally re-weighed dry. 
•ro saturate the rooks the specimens were first evacuated in a 
vacuum chamber for ten m1nute.s - in this case a modified 
,F/,.,y, . 
autoclave - and water admitted •• a •••• ef 1 ,,., J&• mia.••• 
(This ensures that the water is completely de-aerated before 
coming into contact with the specimens). Evacuation was 
continued until air bubbles ceased to rise from the specimens, 
and in some cases this required several hours. With the 
vacuum chamber and water pump used, a vacuum equivalent to 
2 cms.Hg. was obtained and at thi_s pressure 3% - 5% of the pore 
space may still be occupied by trapped air bubbles. 
A chemical balance was modifted by having the usual weight 
pan on one arm, and two pans, one above the other, on the other 
arm. The lower of these pans was inunersed beneath 3 inches of 
water and used for determining the weight in water. Since 
changes in water ievel would affect the upthrust on the balance· 
be.am, and so alter the weight, this effect 1Jas kept to a minimwn 
by using a large tank. A tank 6" x 20" x so•• was used and 
changes in water level were negligible~ 
Great accuracy in·weighing is unnecessary, since an error 
of 0.01 grams in the weight will only give an error of 
0.006 - 0.0006 gms/cc in the final density (Masson-Smith). 
A summary of the result·s together with their standard 
deviations are presented in Tables 2, 3 and 4. For comparative 
purposes another table (Tabl~ 5) has beenprepared showing 
previous densit,v determinations. In the majority of cases the 
authors give no indication as to whether the specimens were dr,y 
or saturated. The difference between the two densities in the 
case of igneous rocks is comparatively unimportant. 
Discussion 
In th·e interpretation of a gravity survey the excess or 
deficiena,v of density of the disturbing body over that of its 
surr.oundings has to be assumed. The value of this density 
contrast is based on specimens collected from the upper layers, 
1-
.~~~------------------------------~~-~.-~---·-·~--~· 
Table 2 
SATURATED DENSITIES OF :METAMORPHIC ROOKS 
System 
LEWISIAN 
TORRIDONIAN 
· QAMBRTAN 
TARSCAVAIG MOINE 
DAL!W)IAN 
Type 
Hornblende gneiss 
Granulitic 
Sandstone 
" 
It 
Quartzite 
Sandstone 
" 
Limestone 
" 
" Marble 
Phyllites 
Schistose Grit 
Density- gms/ cc No. ot samples 
with S.D. 
2 •. ~6 :t. 0.16 6 
2.66 + .• 01 7 
2.76 i .02 5 
2.79 :t .07 7 
2.82 :t. .03 6 
. -
2.64. + .01 7 
2.65 + .02 6 
2.63; .. 03 5 
2 .. 1>5 + .01 7 
2.63 + .01 7 
2.64. i .01 
2.72 + .02 6 
2.69 + .01 8 
2.70:;: .01 5 
2.65 i .02 9 
2.83 ± .01 5 
2.75 ± .03 10 
2.70 + .02 7 2.6~ ± .01 3 
Locality 
SJ.eat, Skye 
SJ.eat, Skye 
Broadford, Skye 
Sleat, Skye 
North Arran 
..... _.............,.""'"~-~-~-~~_.,~ ..... -~~··-· ---·--=- .. ~ ....................... ~ ....... ~ ............... _..__. ~·"'-'--··•"-'-~'"'-·"---'-'-···-·-· ............... __ .~~···-·~·-~~··--·= ... ~·-· ..... ,__,-· .... -·~· -··· -~-·-· ~· -~~ .. -~.- .. ·:· .. ·-~---·~· -~~--·· ----··- . -~---··· ···-·- -·----··-- .. - ···- ·--··-·---------··-·-
Table 3 
SATTIRATED DENSITIES OF IGNEOUS ROOKS 
Age Density (8J.DS/cc.) 
with S.D. 
TERTIARY Granite 2.57 + .01 8 
2.60 :; .01,. 6 Beilman Dubhaich 2.~ :; -~·02 . 8 Oreag Strcmamus 
G2 2.56:; .01 7 Mae1 Ean~ Skye 
G2 2.56 + .01 7 Dw:lan ~ Skye 2.57 + .OJ. 6 Western Red Bills G1 2.63 + .02 3 " " n 
-2-.53 .± .02 12 Eastern Red Hills 
2 • .59 .± .02 7 Beilm an Dubhaich 
Porplvr.itio 
Felsite 2.54 + .03 -6 Central Skye 
2.60 ± .01 6 
" 
n 
Gabbro 2.89 + .01 7 Bro&d:rord, Skye 
" 3~00 + .()4. 12 Ou:il 1; ns Skye 
- ... 
- . ,_ 
Basal.t 2.as + .o6 31 North Skye 
. -. 
Dolerite Sill 2.71 .± .03 s Broadford, Skye 
G1 and G2 ref'er to Wager and Stewart •s divisions of the Red Hills Granite 
I_ 
i. 
System 
OLD BED SANDSTONE 
TRIASSIC 
JUBASSIO 
¥tas 
lll:f'er.ior Oolite 
Estuarine Series 
····'· ..... ····--~~··· ·'""' .............. -··-········ .. ···~··-- ........ _ .._ .--·~--~-···" ~-····· ··-~~~~-. -·-·'-'·--'.Z..""'-·--'----~-- ··"-'"~'''--" _, ......... ~ .. ~------··-'··'·-'···' ....... '-'-· .............................................. ·. _,_ .................... ,~ ............................. ~ ........... -· 
Table 4 
BATtmATED DENSITIES OF SED::DmNTARY FO:mlATIONS 
Type 
Sa.ndst~. 
Ooaglomerate 
Quartzite boulders 
from Coag1omerate. 
Sandstone 
" 
Limestone 
" 
II 
" Shaies 
Limestone 
· Sandstone 
n 
Shale 
SandstOne 
Shale 
tt 
De:msi tY gpJS/ co 
with S.D. 
2 •. 60 + .oz.. 
2.61; .02 
2.6.1,. :± ·.01 
2. 30 .:t • Olt-
2.1,.3 .:t .01 
. 2. 69 .:t .OJ. 
2.73 + .02 
2. 72 ± .OJ. . 
2.70 + 0.02 
2.68; .01 
2.57 ± .05 
........ 
2.67 ± .0~ 
2.53 + .02 
2.56 + .03 
2.46 ± .03 
2.52 + .02 
2.55 ; .oz.. 
2.63 ± .05 
No. of specimeDS 
6 
6 
3 
10 
10 
8 
9 
12 
9 
7 
10 
3 
4 
4 
4 
9 
7 
6 
Locality 
Arran 
" 
" 
E. Arran 
w.- Arran 
Skye 
" 
" 
" 
" 
" 
Slqe 
" If 
n 
Skye 
" 
" 
···-· "'"···~- ... ···. '·-·· •• ., ................... _.__ ...... ~-~-~-......... ,.~--------~-~'--""-'"-"'""'-"'-"-..........,·"""~--·'~=-'--"'·-""· ............ ~-·=· -~--"-""-"""'~,_ ........ ...,. . .......... _._.. __ __._ ___ _.._ _____ ...._, ___ '-·--····------- --------·--------
Rock Type 
Basalt 
Gabbro 
Chilled D1$.rg~ gabbro 
Upper Border Group 
Middle Ge.bb;t-0 .. 
1\lpersthene olivine gabbro 
Olivine gabbro 
Gabbro 
Gabbro 
Tertiar.r 
Granites 
Da.lradian 
Table 5 
ROCK DENSIT.~: IGm:OUS AND :METAliORPHIO 
Observer 
W~iw;tgton aJid Keyes (1924). 
King B.C. (1953). 
Published in . 
Cpok aBd Kurpq (1952). 
Was~ and Keyes. 
H 
Jak:osky . 
Glennie _ ( 1951) 
n . . . 
Einarsson (19.54) 
.. 
KiDg, B.C. (1953) . 
Wager and Deer (1939) 
H 
" ti 
" 1Jarlcer (1904.) 
n . 
Published in 
Cook · 8.nd Murp}\y ( 1952). 
Jakoslcy" 
Published in 
Cook: alld.. liurp!v' (1952). 
~er {1904-) 
Published in 
Cook and :Murphy ( 1952). 
iesults 
Range Mean 
2.84 - 2.98 
2.82 - 2.98. 
2.58 - 3-07 
2.72- 3.07 
2. 7 . .;. 3-3 
2.88 - 2.91 
( a.DG"gdaloidal) 
2.9 -~ 3.0· 
2.92- 2.99 
2-95 - 2.,S 
2-97 - 3.02 
3 .. 01 - 3.19 
3.00 - 3.04-
2.85 - 3.03 
2.85 - 3.12 
2.1,.9 - 2~66 
2.70 - 2.95 
2.75 
2.50 - 2.80 
2.96 
2.97 
2.88 
3.0 
2.6 
·2.84. 
2.96 
2.96 
2 .. 99 
3.10 
3.02 
. 2.98 
2.93 
3.00 
3.03 
2.98 
2.60 
2.61 
2 .. 60 
Locality 
Hawaii 
Skye 
Antrim 
Kuk:in 
Haleakala 
-
Bombq 
Deccan 
Icel.and 
" 
Broadf'ord, Skye 
skaergaard .. 
If 
n 
n 
n 
Cuiliins ~ 
. ,  ... 
Carlingtord 
and Slieve Gullion 
:Mourne 
Carli.ngford 
Skye 
Ireland 
and the literature of density determinations is much divided as 
to the legitimacy of using this same value at depth. .This. is 
obviously of some importance tn the present work, depths of 
50000 feet being involved in the interpretation. 
Variation of density with depth may be caused by: 
Increase of temperature causing expansion. 
Increase of pressure causing contraction. 
The combined effect of temperature and 
pressure on interstitial water. 
Changes in porosi·ty. 
Cementation effects. 
Changes in the degree of saturation. 
Metamorphic changes. 
Theee effects will be discussed for the major rock types in the 
areas covered by the survey. 
Metamorphic changes can generally be neglected at the depths 
involved in much of the interpretation. It could be significant 
iri the main Tertiar,v Centres. 
DensiBr variation in sedtm!D!!· 
With sedimentary formations the density contrast is 
~timately bound up·with the va~iation of porosity with depth. 
Permanent cavities below the water t~ble are occupied by water 
until· they Close under hydrostatic pressure at a depth of ~S91B 
lOQOO ~etres. Between these limits the value of the porosity is 
41-nC.t~~r., •. ;", 
Mt:ie*a•iaatet Gravity ~asurements in mine shafts made by 
Rische (tq57) show that for sediments there is a regionally 
different depth density function. Parasnis (1951) found that the 
density of the Oxford Ciay varied by 0.03 gens/co in 100 feet. 
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This problem of clay-shale densit.ies was investigated by 
Hedberg (1936) who recorded large changes in density with depth. 
A practical demonstration of this density change is seen in the 
expansion of shale and mudstone cores from boreholes consequent 
on the relief of pressure. 
T~e Jurassic succession of North Skye contains 730 feet of 
shale and, in the light of this evidence, the density used in 
the reduction is probably low, although the error should not 
exceed a few per cent. 
Van Orstrand (1951) stated that in sandstones the effects 
of increasing temperature and pressure with depth are self 
compensating. A similar conclusion was reaChed by Birch and 
Dow (1936) who found that at 400 degrees centigrade and 
pressures equivalent to 50000 feet of rock, the tendency for the 
density to decrease due to thermal expansion becaus·e of the 
increase of te~erature with depth was less than the reverse 
effect due to the increase of pressure with depth. 
There is a considerable divergence of opinion as to th~ 
effect of saturation on rock densi~. Fuller (1906) alleged 
that saturation increased with depth, whereas Birch (1942) and 
Eva~ and Compton (1946) incline to the opposing view. Thiel 
(1956) assmned complete saturation at depth in ;the i~terpretation 
i of the Keeweenawan anomaly. The saturated den~ity is sometimes 
called the 'natural density' as this is 'assum~d to be the 
condition of rocks 1n nature. ' (Hedberg, 1936) .' For the purpose 
of this work, the 'saturated' or 'natural' density has been used. 
This is probably an over estimate, but an over estimate of the 
degree of saturation Will help to counteract the other factors 
all of which tend to reduce the densi t;y. Probably the best 
assumpt_ion is that the field density lies somewhere between 
the saturated and the dry density, the extreme density l~its 
being given by the density of a fresh dry specimen as the lower 
limit, and the grain denai ty - as obtained from the mineral 
oompoai tion _- as the upper limit. -This assumes that there is 
no variation in mineral oomposi tion with. depth which, while t 
true of sediments, is not necessarily so in the case of 
igneous and metamorphic rocks. 
Sandstones are the only rook type whiCh appears to be 
appreciably affected by weathering. Specimens from the 
Carboniferous of Northern England (measured by Maaaon-Smith) 
showed variations in density of up to 0.11 gma/oo and a series 
of Jurassic sandstones from a quarry in Skye showed variations 
of up to 0.15 gms/cc. The standard deviations and standard 
errors of sandstone densities are as a consequence uniformly 
high. 
Density variations in igneous and m~tamorph-ic. rocks 
The measured densities o~ the igneous and metamorphic 
rooks were remarkably constant. This was not unexpected. 
Determinations in mine shafts by Rische (&qs7_ )and other_s had 
shown that the density is independent of the depth and this is 
generally assumed in the interpretation. Iddings (1920) showed 
that for an igneous rock which had crystallised under a heavy 
cover, the density calculated frdm the·nor.m is greater than the 
measured value by an amount determined by the porosity 
reasonably assignable to the rook. The porosity is expected 
because of differential decreases in volume with the 
I 
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c~stallisation of the rook, and ·veoause of the development of, 
and enlargement of, cleavage spaces when the originally deep-
seated rock is exposed at a much lower -pressure at the surface. · 
Porosity and saturation were usually found to be 
unimportant, the Lewis ian, Torridonian and the Tertiary grani tea 
all having porosities of less than 1%. Same 'drusy' granites 
from the Red Hills were found to have porosities of 5% and a 
correspondingly low density. Granites of this type are, however, 
a typical of the main mass. 
The density of basalt 
Basalt densities show wide variations, every value from 
2.3 - 3.0 gms/cc having been used in the reduction and 
·interpretation of gravity anomalies. The generally accepted 
value for the density of basalt used in crustal models is 
2.9 !Jms/co, rising to 2.95 gms/ca at the base of the 
'intermediate' layer. 
In the interpretation of the anomalies over the oceanic 
volcanoes, the density values adopted are those whiCh give the 
min~um correlation with the topography. By this method a 
value of 8.8 gms/ec was obtained for the amygdaloidal lavas of 
Bermuda. 
Einarsson (1954), in a stu~y of the Icelandic basalts, 
obtained 2.84 gms/oc as the mean saturated density of 48 
specimens from lava flows. In Iceland - as in Skye - the majori~ 
of the vesicular basalts are now filled with chalcedony or 
zeoli tea and the density values are un'iformly high. A a·ection 
at Esja in Iceland, composed of a series of tuffs, palagonite, 
breccia and basalt, gave a mean weighted average of 2.70·gms/cc. 
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Washingten (1924) quotes 2.96 gms/oc as the average density 
of Hawaii, though this is probably an upper limit, the density 
being reduced by ash flow, vesiculation, etc. 
The North Skye basalts were found ·to have a mean saturated 
density of 2.85 gms/cc and as this value is in reasonable accord 
with those found elsewhere (Table 5) it has been adQpted in the 
reduction and interpretation. 
The exRected density of the postulated czlinders 
In the subsequent interpretation of the main anomalies, the 
anomalous masses are assumed to have the fo~ of a vertical 
cylinder, this being a consistent for.m geologically. 
The mean density of these cylinders will presumably lie 
between the density of the 'intermediate layer' (2.9 gms/cc) and 
that of the gabbroic masses exposed at the surfac~ (3~00 gms/cc). 
An extreme upper limit to the density is fixed by the fact that 
the heaviest rocks in complexes of this type - the ul tr_a basic 
peridotites of Skye - have densities of 3.3 gms/cc. These rocks 
have a relatively small surface area, and it seems unlikely that 
they occur in sufficient volume at depth to appreciably affect 
the bulle density·. 
Recent evidence suggest that the Tertiary complexes ot Skye 
and Rhum may have been built up by a process of crystal 
.diftere~tiation and settling, from an originally homogeneous 
basalt magma, similar to that which operated in _the Skaergaard 
intrusion~ Wager and Deer (1939) wrote of the original Skaergaard 
magma: 
The Skaergaard magma may be regarded as being close 
to the Porphyritic Central type of magma described 
in the Mull and Ardnamurchan memoirs ..... 
lJ· 
If the Skye mass is of this type, then the Skaergaard densities 
have same relevance to the density problem. The values are 
summarised in Table 5 and show the majority of gabbros with 
.densities around 3.0 gm~ce, the exception ·being the Middle 
Gabbro with a maximum density of 3.19 gms/cc. 
' /1"''~/4. 
The chilled mar~inal gabbro - representing theAcamposition 
of the original magma- has a density of ~.97 gms/ce. 
By analogy then, the postulated cylinders under the 
Tertiar,r Centres are more probably basic than ultra-basic, and a 
density of 3.0 gms/cc has been used for 'bhe interpretation. 
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Chapter rv. 
THE REGIONAL GRAVITY FIELD 
Introduction 
Previous work! in the Western Isles has been almost 
exclusively concerned with the testing ot various isostatic 
hypotheses, and was invariably carried out by pendulum. Bullard 
and Jolly concluded their 1936 paper OR·'Gravity measurements in 
Great Britain' by saying: 
"It is hoped that further measurements will be 
made in the next few years and that it Will be 
possible to give a more detailed explanation 
of the anOmalies in terins of the tectonics." 
A further series of gravity measurements at sea, made b7 Browne 
and Cooper as part of a wider regional study, did little to fill 
in the gaps. Their conclusion, that the high positive Bouguer 
anomalies in the Hebrides were due to a rising convection 
current leaving an excess of mass at the surface, was a 
speculative geophysical, rather than a geological deduction. It 
is remarkable how the earlier surveys completely missed the 
areas of high positive anomalies associated with the Tertial'7 
PlUtonic Centres, though·there are obvious difficulties in using 
pendulums in areas of high relief. 
The broad features of the gravitY field 
An examination of Fig. 11 shows that the Bouguer anomaly 
increases to the west, rising to 60 ~ls.in the a. Xilda group 
and to a maximum of 66 mgals. in the Outer Hebrides. This· 
positive trend does not extend much beyond a. ICilda and. 
therefore cannot be dismissed as a general increase in the 
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Bouguer anomaly as the Continental margin is approached, 
although such an increase would be expected as a result of the 
attenuation of the granitic and metased~entar,v layers 
br.inging the higher density intermediate layer nearer to the 
surface. 
Moving eastwards, the Bouguer anomalies alternate in a 
regular manner, a minimwn value of' 5 milligals being 
recorded oft Canna. 
The distribution of' these anomalies is approximately 
sinusoidal aXld if' the wave length of the gl'avi ty anomaly to be 
explained is X .{measured as twice the distance from the maximwn 
to the nearest min~) then th~re is a strong presumption that 
it has arisen from an anomaly of density. at a depth of \J, at 
the most. The maximum depth of' 8 miles so obtained locates the 
anomalies within the upper crust and per.mits explanation in 
terms of the surface geology. 
A suggested interpretatiga 
The tectonics have been briefly described by Bailey (1924) 
and there i~ some similarity between the gravity anomalies and 
the main tectonic lin~s. A major anticline brings the denser 
Lewisian to the surface in Tiree and Ooll, and here the Bouguer 
anomaly rises to 30 milligals. This positive trend presumably 
extends through the main Skye depression and reappears in the 
positive Bouguer anomaly of 21 milligals over the Lewisian of' 
North Raasay and Rona. The low anomalies around Cailna are 
associated with a syncline, and it is tem.pting to regard this as 
a continl18tion of the low anomalies found over the postulated 
Loch Snizort basin to the north. Significantly, this trend is 
3o 
- ig.ll. 
WESTERN SCOTLAND 
AND THE HEBRIDES 
PENDULUM STATIO S 
~. 60 
1 Hebridean Thrust 
2 Moine Thrust 
3 Great Glen Fault 
4 Highland Boundary Fault 
Anomalies shown as either 
positive or negative with 
respect to 20 milligals . 
Thrust 
-------· Fault 
Syncline 
Anticline 
Scale 1: 1 564000 
· B~qu~ Anoma/i~~ in milli94/s 
0 
cjv47 
Land Sfafion-5 -Jolly and 13ullard 1936. 
Sea Slafion.::s -Brown~ and· Cooper I 950 
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sub-parallel to the old Jurassic shoreline, which - on the 
evidence of Ostrea - extended from Duntulm in the north to the 
Small Isles in the South. These gravity lows are preswnably 
produced by the lighter Jurassic and Torridonian sediments which 
are preserved in synclinal basins in the folded Lewisian 
basement. The syncline which is responsible for the preservation 
of the Staffa lavas is associated with an area of low anomalies 
along the wester.n coast of MUll. · This broad belt appears to 
Wli te with the anomaly over the Caledonian Ross of Mull 
.. granite ( q. v. ) • 
The most westerly extensions of the Thulean Province - the 
Roomall and Porcupine Banks - are not shown on the text figure. 
Here the anomaly is again positive (Browne and Oooper 1950) 
indicating an excess. of mass. The Rockall Ban~ appears to be 
mainly basalt, whereas 80% of the dredg1ngs from the Porcupine 
Bank are of olivine gabbro. The submarine ridge culminates in 
Roc~all itself, a small stock of aegerine rieb~ckite granite, 
whiCh may represent another Tertiary centre (Tyrell 1924). 
Islay is crossed by a dyke swa~ which is quite unrelated to 
anT known centre and this is believed to indicate yet another 
submerged centre. The fact that the ophitic Olivine dolerite of 
Dubh Artach - a rock a few miles west of Colonsay, which Walker 
(1931), an petrological grounds, regards as being of Tertiar,v 
age - is in the dtrect line of the Islay .- Colonsay swarm may be 
regarded as confirmation ~or this view. 
Pendulum measurements made on Isler in 1936 gave a Bouguer 
anamaly.of plus 30 milligals and this~ be an indication of a 
larger pos1 tive an·omaly farther west. 
Auden (1954) has suggested, on the evidence of fracture 
patterns in the Inner Hebrides, that another centre may- be 
located near Eigg. Unfortunately there are no ~avit,r 
measu~aments in that area. 
Tl;ur :positive Bouguer anomalies in the Outer Hebrides were -
prior to·this workl- the largest positive anomalies in the 
British Isles and they do not appear to be connected in any way 
with the Tertia:ey vulcanicity. Further work would show whether 
the anomalies are c~nected with the major thrust (The Hebridean) 
(which has strong symmetrological analogies with the Moine 
Thrust), or with the high densities of the Lewisian gneisses. 
Some Lewisian hornblende gneisses from Bleat bad densities as high 
as 2.96 gms./cc., and rocks of this type occur extensively in the 
Outer Hebrides, the Flannan Isles and N. Rona. 
The isostatic anomall 
No attempt has been made to apply isostatic corrections. It 
would appear from earlier work along the western coast of the · 
British Isles that the anomaly would be positive on any scheme of 
co~ensation (Bullard and Jolly, 1936; Browne and Cooper, 1950; 
OooE and Murphy, 1952). 
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Chapter V!. 
ARDNAMURCHAN · 
Introduction 
Ardnamnrahan is a classic example of ·a perfectly dissected 
volcano and in a small area exhibits all the features 
characteristic of the Tertiary Igneous centres of Western 
Scotland. 
Being a predominantly basic centre - the acid rocks are 
less than one square mile 1n extent - it was expected that the 
space fonn·at depth would best correspond with· some simple 
geometric .to~. Various theoretical models were tested and the 
smallest residual anomalies were obtained by using a vertical 
cylinder. Geologically this forDJ. has :mu.ch to commend it, and 
the interpretation of the other centres will proceed on the 
assumption that departures tram the nor.mal gravity field 
associated with a vertical cylinder are due to the complicating 
effects of the lighter granitic masses seen at the surface. 
Geolog;[ 
Plateau basalts do not cover a wide area in Ard.namurchan, 
but are.usually.encountered, either as outliers of the.main 
plateau; in volcanic vents; or as integral parts of screens 
enclosed by ring dykes of later date. There is no evidence that 
a central volcano ever existed in.A~namurchan during the plateau 
basalt phase. Igneous activity of the central type began with 
the fo~ation of e.xplosive vents of Centre 1. This centre was 
subsequently pierced by two successive plugs -·the ring dykes of 
1M 
centres 2 and 3. We are, then, observing in ~rdri.amurchan the 
roots of a volcano out through at different crustallevels. 
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·The main structural features of the complex are: 
The elliptical shape of the canplex as a whole 
which is reflected in the shape of the 
individual intrusions. 
The major axis of the ellipse corresponds with 
the direction of movement of the foci of 
intrusion. 
The failure of the ring dykes to extend round 
the northern half of the complex. 
The time relations of the ring dykes - the 
younger ring dymes are always intruded inside 
the older ones. 
Where the three dimensional for.m of the ring 
dykes can be seen they are all highly inclined, 
and sometimes it can be shown that the 
inclination is definitely outwards from the 
centre. 
The magmas would appear to be of the nor.mal Hebridean type with 
the exception of the tonalite and quartz-monzonite of Centre 3. 
These are almost unique among the Tertiary rocks and suggest the 
existence of an independent collateral magma series with 
distinct end products. A similar magma series is responsible for 
the bulk of the plutonic intrusions of Old Red Sandstone age in 
Scotland (Harker 1909). 
T:q.e Bowmer anomalies 
The Bouguer anomaly, over the peninsula of Ardnamurcban 
(Plate 2) rises to a ina.Ximum value of 42 mgals. falling to a 
minimwn value o.f 14 mgals. in the east. This minimum is not 
1 
I 
I 
l 
I l 
typical of the background value in the area owing to the effect 
of the negative Bouguer anomaly associated with the Morvern-
Strontian granite. M~asurements made at Salen and Strontian 
whilst establishing base connections to Oarnach, gave anomalies 
of 3.6 mgals. and -15.6 mgals. respectively. The association of 
nega.tive gravity anomalies with post tectonic granites would 
appear to be an almost universal phenomenon· (Bott 1953 and 1956). 
Further comment on this anomaly lies outside the soqpe of this 
work. 
~,~;~ 
The main anomaly isAelliptical in form with the major axis 
trending N.E. - s.w. This has a rough correspondence with the 
direction of movement" of the focus of intrusion and presumably 
reflects the elongation of the underlying magma chamber. A 
max~um value of the a.namaly occurs over Centre 2. This is the 
centre associated with maximum doming, a total uplift of 3000 
feet being deduced from the outward dips of the Mesozoic 
sediments. 
No distortion of the·isogals is apparent over the quartz 
dolerite intrusion of Ben Hiant. The in.trusion is over a half 
mile wide and is believed to represent a vent infilling. The 
absence of anomaly over a vent of this size will be referred to 
later when the poss~bility of vents under the lava plateau of 
_North Slqe is discussed. 
The inte£Rretation 
A bac~round value of 20 milligala has been assumed for 
the Ardnamurchan anomaly. This is the value aver the adjacent 
lava plateau of northern Mull and would appear to be general over 
the Tertiary lavas; similar anomalies being recorded b,y Cook and 
Murphy in Antrim, and by us in Sley'e. · 
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An estimate of the depth to the top of the mass producing the 
anomaly can be derived from the relation: 
,a ~ ~ s./:5" A.--.,.r 
/:rrS 4A/.J..c /ta-·,_ _,..,... 
This inequalt ty - due to Bott and Smith - gives a maximum limit to 
the depth to the upper surface, and has the advantage that it is 
least sensitive to errors in the background anomaly, and gives a 
better estimate Where the maximU.rn gradients are near the region 
of max~um anomaly. Both these conditions are present in 
Ardnamurchan. The value of two miles, so obtained, is of little 
value in itself except to indicate that the cause of the,anamaly 
must not be sought in deep seated crustal movements and downwarps. 
An ~iate deduction is that the anomaly is produced by the 
direct density contrast between the dense gabbroic rooks of the 
major intrusions and the adjacent country rocks (presumably 
Moine). The magnitude of this contrast has already been discussed 
in Chapter 3. 
If the anomaly is considered to arise from a vertical 
cylinder of density contrast 0.25 f!}.D.s./cc. and radius 2.5 miles 
\ 
with its upper surface at sea level, then the lower surface is at 
- 10000 feet., A theoretical model with these parameters, gives a 
profile remarkably close to those observed (vide Fig. 12). The 
disparity between the two profiles with increasing horizontal 
distance from the centre is more apparent than real. There is 
little o~ no station control over the observed profile in this 
region·, and the ~fit' is probably much better than that shown. A 
reduction in the density contrast at depth could give a similar 
effect; a point which will be referred to again in connection 
with the Stye profiles. 
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The est~te of 10000 feet must be regarded as a minimum 
depth to the lj)ase as quite small changes in the densit7 
contrast would considerably lengthen the.cylinder. For example, 
if the density contrast were reduced to 0.2 gms./cc •. and the radius 
to 2 miles, then the a,vlinder would have to be 30000 feet in 
.length in order to pro9,uce the observed anomaly. This model does 
not give such close correspondence with the observed profile as 
does mOdel 1 (:vide Fig. 12). 
The gravity data gives ~iguous criteria for determining 
the angle of inclination of the.contacts. For the circular 
outer~ of a cylinder whose depth/radius ratio is 0.77, the 
anomaly at the edge cannot be less than o. 50 of_ the anomaly at 
the centre if the contact is vertical. If the anomaly over the 
edge is greater than 0.50, then thecontact slopes outwards, 
providing always that the density contrast remains constant. 
These rel~tionships are more fully set out in the Appendix. · 
Along the eastern and southern margins of the complex - the 
only places Where the junction with the countr,v rook can be seen -
the gravity field indicates that the contacts slope uniform[y 
outwards. This would be expected, as the pr~osed mechanism of 
ring dyke formation assumes ·that the boundaries are either 
vertical or inclined outwards, the suggested theoretical angle 
being 05-70 ·degrees. The quartz dolerite ring dy~es of Centre 1 
are seen to dip outwards and Richey believes this to be the rule, 
·though difficulties of ·geological observation in an area of low 
relief make generalisations illlPossible. 
Doris Reynolds has· recently cast doubts on the concept of 
outwardly dipping ring d7,kes and suggests that the inadequacy of 
·· . .,. 
the field evidence.is glossed over in order to fit Anderson's 
dynamic hypothesis. However, the_gravity evidence can be regarded 
as providing i:ndependent support,but not confirmation f'or Richey's 
and Anderson's view. 
The steep gravity g:r:'adients along the southern. margin of' the 
i .. 
complex near Kilc~an are probably caused by the high density 
contrast between the Mesozoic sediments and the gabbro, even though 
the bulk density of' the.f'ormer must have been considerably increased 
by __ Q():P~ ~;~p~~t injection. 
Conclusions, 
The gravity field over the Ardnamurchan centre is consi~;~tent 
with the complex being underlain by a basic vertical_cylinder. 
The exact depth to the base of' the cylinder is diffi-cult to 
determine owing to uncertainties in the true value of' the 
background field. 
J6 
Chapter VI. 
BOUGUER ANOMALIES AND THEIR RELATION TO TERTIARY 
PLUTONISM IN SKlE 
Introduction 
Skye has for long been a favourite area for the study of 
.Tertiar.y plutonism. A century of accurate but infrequent 
investigation by Maccullough, Forbes, Geikie, Judd and many 
others, terminated in Harker's memoir of 1904 ~ a classic 
contribution to the subject of igneous petrology. Since 1904 
no ~jor work rivalling Harker's has appeared, but a considerable 
amount of new work has appeared.in smaller papers. This, 
together with a considerable amount of unpublished work, does 
suggest that the structure of the main Quillin gabbro and of the 
associated Red Hills granites is much more complex than was at 
first envisaged. 
Harker's views on· .the t 1me sequence and structure of the 
Cuillins are given in the memoir and also summarised in the 
Regional Guide of 1948. Richey (1932)_ modified the sequence of 
events among the main assemblies. He suggested that the three 
main centres of activity - the Cuillins, the Western Red Hills 
and the Beinn na Caillich mass - we~e in action successively and 
in that order. This progressive shift of magmat.ic focus is a 
carumon feature of' the Tertiar,v Centres and has already been 
remarked upon in Ardnamurchan. 
At the main Quillin centre, basic and ultrabasic plutonic 
intrusions were followed by radial dykes, cone sheets and minor 
intrusions. The Western Red Hills complex of' acid plutonic 
intrusions is not cut by the cone sheets of' the Cuil.lin centre 
.:J., 
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and is·for this, and other reasons, regarded as later than the 
main Cuillin mass. The Beinn na Oaillich centre probably 
.represents the last phase of plutonic intrusion. 
The Quillin Gabbro 
Geology 
At the surface the gabbro appears as an elliptically 
shaped mass some 8 miles by 6 miles with the major axis 
trending east - west. The originaL.form of the intruEJion has 
been disrupted along.its eastern margin by a tongue of granite 
from the main Red Hills mass to the north-east. 
. . 
The form at depth is more speculative. Harker mapped the 
gabbro as a single Sheet and el~inated any space problem 
which might arise by describing it as a laccolith. Richey 
rejected the laccolithio form and suggested that the gabbro 
represented a cone sheet· complex such as had already· been 
described in Mull and Ardnamurchan. In 1947 Wager and Stewart 
re-examined the.banding in the gabbro,which had already been 
noted by_ Geikie, Teall and Harker, and recognised 1n it gravity 
stratification. By analogy with other gravity stratified basic 
masses such as Skaergaard and Belhelvie, they argued that· this 
was a clue to the mechanism of solidification and presumably to 
the form of the intrusion. 
The age relations of the gabbros have recently been 
investigated by an Oxford research group. They recognise three 
main divisions: an outer gabbro, the ultra-basics of Sgurr 
Dubh, and an inner gabbro, the age relations following the 
normal ring dyke pattern of the innermost being the youngest. 
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Description of the anama~ 
The most prominent feature of. the Bouguer Anomaly map 
(Plate.l) is a large positive anomaly corresponding with the 
Tertia~ Plutonic Complex. This anomaly is now described in 
further detail:-
A large closed and elliptical area of positive Bouguer 
anomalies extend over the Whole of Central Skye. The 
J 
ellipticity is slight with the major axis. trending 
north - east to south - west. 
The remarkable symmetry of the anomaly is destroyed 
by a local gravity low associated with the outcrop of 
the Red Hills granites and granopnyres. The distortion 
of the lines of equal gravity is particularly marked 
where a large tongue of granite crosses Glen Sligachan. 
The positive Bouguer anomaly of 73.4 milligals, 
recorded over the Inner Cuillin Gabbro, is the largest 
positive anomaly so far observed 1n the British Isles 
and exceeds by 13 milligals the largest previously 
recorded in the St. Kilda group (Browne and Cooper, 1950). 
Over th~ north-western, western and south-eastern 
boundaries· of the· complex, the-horizontal gravity 
gradients are fairly unifor.m and relatively low, the 
average value being 5.5 - 6.5 milligals/mile. An 
examination of the Bouguer anomaly profile (Fig. 13) shows 
that these gradients.are linear over a considerable area 
Qf the northern plateau basalts. To the south of the 
complex the gradients are abnor.mally high rising to 
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13 mgals/mile over the gabbro/Torridonian junction. Over 
the Western Red Hills the gradients are much reduced, 
frequently falling to 2.5 - 3.5 mgals/mile. 
The physical interpretation 
Est~ation of the background field 
An average value for th~ background. field is not 
immediately apparent: the gravity field over the Lewisian to 
the south being complicated by the overlying Torridonian, and 
that over the northern basalts by the underlying Jurassic. 
Where the Lewisian basement is exposed at the surface - as in 
north Raasay and Rona - the Bouguer anomaly rises to 20 milligals. 
Eliminating the effect of the geologically predicted 2000 
feet of light Jurassic sediments beneath north Skye increases 
the.background field in that area from 16 to 20 milligals. 
Over the peninsula of Sleat, the background field is 
apparently 15·milligals, but as the surface geology is more 
complex, corrections are difficult. to apply. A correction for 
the th.ickness of Torridonian above the Kishorn Thrust is 
described in Chapter 9. 
T.he assumption of a background field of 20 mgals. leaves a 
positive aiJ,omaly of 53 mgals. over the C.uillin gabbro. A 
similar background value was obsel'Ved over the lava plateau of 
Mull; the palaeozoics of Ireland (Cook and Mur,phy, 1952); and 
in Kintyre (Bullard and Jolly, 1936). Generally the areas in 
which the Bouguer anamaly departs greatly from a value of 
20 mgals. are relatively small and fairly well defined, and over 
most of the Palaeozoic and Pre-Cambrian regions of the western 
coast of.the British Isles, the Bouguer anomaly varies only 
slightly between +10 and +20 mgals. 
Depth estimates 
The maximum depth to the top of the anomalous mass 
producing the observed Bouguer anomaly can be obtained by 
considering the maximum anomaly in conjunction with the max~nm 
gradient. 
This technique has already been described (Chap. V.), and 
taking the average gradient - as distinct from the abnor.mal 
gradient - as 6 milligals, gives a maximum depth of 7.6 miles. 
While this places the origin of the anomaly within the upper 
crust, it is of little value in itself. The observed gravity 
gradients are inconsistent with such a depth, unless the 
density contrast at depth is abnor-mally high. For a variety of 
reasons already set out, this possibility is considered unlikely. 
The depth estimation makes-no assumptions.about either the size 
of the density contrast, or its origin. The most probable source 
of the anomaly is a direct density contrast between the gabbro 
and the surrounding country rook. It is considered likely that 
the elliptical area of gabbro exposed at the surface represents 
the upper surface of the mass responsible for the anomaly and 
that the mass has a considerable extension in depth. 
The minimum depth to the base of the anomalous mass can 
be calculated by assuming the mass to be in the for.m of a 
vertical cylinder with its upper surface at ordnance datum. A 
table has been drawn up showing the depth to the base of 
cylinders with varying radii and density contr.asts. 
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Table showing depth - radius relations for vertical cylinders 
having a maximwn anqm§lY at the centre ot: 52 m1111gals 
p 6 5.5 5.0 · 4 .• 0 Radius in miles 
0.3 16.0 19.7 21.0 23.0 26.4 
0.25 25.0 27.1 30.0 
.. 
35 .• 0 45.7 
0.20 40.0 45.5 57.1 88.6 491.4 
0.15 116.0 279.4 inf. 1nf'. int'. 
(depths given in thousands of' feet) 
It .is apparent from both the table and the graph (F1g.l4) 
that a dens! ty contrast of 0.15 ~s/cc g.ives a cylinder of 
either inordinate (35 lerna.) or infinite le~gth. This places 
a minimum value for the dens! ty contrast at 0.15 gms/c·c. 
Since the most probable value for the densi~ contrast is 
0.2 gms/cc., the depths to the base are considerable, ranging 
from 40000 feet for a cylinder of radius 6 miles, t·m 57000 feet 
for a radius of' 5.0 miles. 
Theoretical Models 
From the previous work on Ardnamurchan it was thought that 
the most likely solution to the space form of the mass 
responsible for the anomaly would be some type of vertical 
cylinder. 
A consideration of the 'half' anomaly' suggested that a 
cylinder of' radius 5 miles, depth 10.9 miles and of' density 
contrast o.·2 gms/cc, with its centre close to Harker's centre 
of cone sheet .intrusion, would satisf,y some of the characteristics 
of the observed anomaly. The anomaly produced by a theoretical 
model with these parameters was computed and cmnpared with the 
observed profile Portree - Strathaird (Fig. 13) •. 
The 'fit' between the profiles is not good, but this was not 
une~ected since so perfect a geometrical solid as t~e upper 
surface of a gabbro cylinder exposed at sea level is hardly 
likely in nature. Even a cursory glance at the geological map 
shows that there are large areas where rocks other than gabbro 
or ·granite are exposed within the prescribed five mile radius 
(these areas are shaded in yel~ow on the Plate). 
One of the major premises in the inter,pretation is that 
departures from 1he vertical cylinder foxm are due to the 
complicating effects of the less dense acid rocks at the 
surface (vide Chap. V.). An examination of the residuals 
(Fig. 1~) shows that these roughly correspond with the surface 
geology; a residual negative anomaly of 11.5 mgals. being 
] associated with the outcrop of the Red Hills granite. I Subtracting the effect which can· reasonably be ~ributed 
l ~ to the granite still leaves a negative residual. The remainder I of this residual negative anomaly to the north, corresponds with I an area of plateau basalts underlain at no great depth by some 
l 2000 feet of' ~urassic sediments resting on the metamorphic 
j j basement. This area of' light sediments (2.6 gms/cc) in an area 
j theoretically represented by gabbro would easily account for the 
l 
1 negative residual. 
1 j Similar reasoning applies to the area to the south. Here 
l ~ the negative residual of' 7 mgals. can be correlated with an 
j l outorop of Torridonian sandstone faulted against Jurassic. 
1 The abnormally high gravity gradients - 13 mgals/mile 
~ ! seen on Fig. 13 conf'ixm that marked density variations are 
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taking place near the· surface of the postulat$d vertical 
cylinder. In this case it can be shown that the masses 
responsible lie.within a mile of the surface, and that they 
oorrelate·with a direct surface density contrast between gabbro 
and ~orridonian (0.25 gms/cc), or gabbro and granite 
(0.4 gms/cc). The· form of .the profile in these areas suggests 
that the contacts are vertical or highly inclined. 
The comparative steepness of the gravity gradients over 
10 miles distant from the centre of the anomaly may be due to 
either a widening of the ~linder towards the base, or an 
increase in the density contrast at depth. If the former 
explanation is correct - and it can but be a speculation - the 
theoretical model has the 'inverted flower pot' form favoured 
by Anderson (1936}. 
l!!.!!roduction 
Geological Interpretation of the 
Anomaly 
. ~#-.ftl~ Theoretically anyA1nterpretation of a Bouguer anomaly is 
' an impossible task, since an infinite number of mass 
distributions· can give the gravity field observed at the 
surface. Fortunately the number of poasibili ties are limited 
by the numerical characteristics of the anomaly, and these are 
limited still further by geological considerations. 
The basement 
In the physical interpretation a density contrast of 
0.2 gms/cc was assumed. The geological evidence supporting 
this contention can now be set out more fUlly. 
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Skye for.ms part of the foreland of the Caledonian 
geosyncline, and geological sections by Bailey (1955), Kennedy 
(1954), and others show the Lewisian basement at a depth of 
five thousand feet beneath the island of Soay 3 miles south of 
the Cuillin gabbro. Lewisian outcrops to the north of the 
Cuillins in North Raasay and Rona. Inclusions of gneiss 
resembling the L_ewisian occur in xenolithic granophyres and also 
in the quartz gabbros of Harker's Gully. In Allt na Teangaidh 
(Eastern Red Hills) gneisses are exposed beneath the basalts and 
these may well be of Lewisian age. 
We can then safely conclude tnat the basement beneath the 
Central Complex is of Lewisian type, rather than of the less 
-dense Torridonian, and that the.Bouguer anomaly arises from the 
juxtaposition of a large, dense and presumably basic mass and a 
lighter metamorphic basement. The expected density of the basic 
mass has already been discussed in Chapter 3 and a value of 
3.0 gms/cc decided upon. If the average density of the Lewisian 
is 2.8 gms/cc, then the most probable densit¥ contrast is 
O•B gms/cc. 
The geomet17 of the anomalous mass 
Irrespective of any detailed conclusions as to the actual 
geometry of the basic mass, the Bouguer anomalies indicate a 
roughly circular mass which must extend downwards to a 
~onsiderabl~ depth. The assumption of a-cylindrical fonn puts 
the base at a minimum depth of 17 Kms., and this is certainly 
of the order of thickness of the metasedimentary and granitic 
layers. An examination.of 18 seismic records from Europe shows 
the average thicltness of the granitic layer as 17 Kms., and there 
is probably little doubt that the mass indicated by the anomaly 
extends into the intermediate layer. 
This has long been suspected for the Tertia~ magma 
chambers. Holmes (1932) shows a cupola shaped mass arising 
from the base of the intermediate layer and extending upwards· 
into the granitic layer. To the latter, he assigns a thickness 
o:r 12 Kms., this being similar to Jeffrii's estimate. Anderson 
(1936) makes a similar assumption, and envisages the Tertiary 
magma chambers as stock like masses arising from a regional 
magma chamber. 
Coo~ and Murphy (1952) interpreted the positive anomaly 
over the Sl~eve Gullion and Carlingford masses in terms of a 
horizontal cylinder some 10000 feet beneath the surface. This 
they equated with Anderson's (1924 and 1936) cupola shaped 
magma chamber. Their ;theoreticS:"! model left large gravity 
residuals, and failed to account for the attraction of the 
masses between 10000 feet and the surface. Despite the obvious 
attractions of the horizontal cylinder as the source of cone 
sheets and ring dykes, a paraboidal magma chamber is not 
required by Anderson's theory. All that is required is that 
there should be a pressure and a 'push point', and these 
conditions are equally well satisfied by either the vertical 
cylinder or the ' inverted flower pot' • 
~~ Williams (1954) states that the reservoirs of long lived 
, 
"" central type volcanoes appear to be roughly cylind~l, tabular 
bodies. The actual depth of the magma chamber is variable, 
ranging from a mile in the case of the Ischian and Tahitan 
volcanoes to 4 miles.at Vesuvius. In most volcanoes, fragments 
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found in the explosion pipes, and breccias indicate a magma 
chamber between 2000 and 10000 feet. 
Since the end of the Tertiary, erosion in the Western Isles 
has removed several thousand feet of basalt and exposed the roots 
of the volcanoes. We are in fact examining former magma chambers, 
and discussions as to their depth are not strictly relevant, only 
their extension at depth. 
The gravity evidence, coupled with much recent field mapping, 
is completely at variance with Harker's original concept of a 
'Cuillin laccolite' fed by a narrow central feeder (Clough and 
Harker 1904, Fig. 4). The tectonic· setting is urmatural, 
laccoliths being normally associated with compression and orogeny, 
whereas all the evidence from the Tertiary centres is indicative 
of a region of tension. The laccolith had much to commend it in 
that the paucity of the supporting evidence_was outweighed by the 
seeming solution of the space problem. We are now left with the 
solution of that problem. 
Marginal folding to the south of the complex in Strathaird, 
and lack of folding to the north in Glen Brittle suggests that same 
a~etry ~s associated with the intrusion. Against this, the 
regular fonn of both the ring dykes and the cone sheets presupposes 
a regular and s~etrical.magma chamber. It seems fairly certain 
that both ring dykes and cone sheets are continuous with the 
underlying magma reservoi~, and that the complex accurately marks 
both the position and lateral extent of such a chamber. 
The evidence then of both the geology and the Bouguer 
anomalies favours a roughly circular and essentially symmetrical 
mass extending downwards into a regional magma chamber. These 
conditions are satisfied by the proposed theoretical model. 
Subtracting the gravitational effect of the postulated 
vertical cylinder from the observed gravity field leaves a few 
areas of positive residuals in addition to the negative areas 
already remarked upon. These positive residuals obviously 
cannot be accounted for in terms of lighter masses on top of the 
cylinder and must therefore be the result of departures from the 
cylindrical form. Professor Stewart, in a private communication, 
has suggested that the Central Oom;plex in Skye may be underlain 
by three magma chamb~rs, centred beneath the Quillin gabbro, 
tne Western Red Hilla, and the Eastern Red Hills. If three 
circles are drawn w~th radii corresponding to these masses,· it 
is found that the three interacting cylinders .can -with slight 
errors - be approximated to a single cylinder of radi,us five 
miles. With such evidence as we have, it would be difficult to 
separate the ~avitational effect of three cylinders the distance 
between whose centres is only a little greater than tneir radii. 
A similar problem was encountered by Cook and Murphy 
(1952 p. 18) in their interp~etation of the Slieve Gullion 
Oarlingford anomaly. There they conclude that the attraction of 
a horizontal cylinder woul~ not differ radically from that of 
two adjacent magma chambers or cupolas, and that many more 
observations would be requir~d in,order to separate the two 
structures. 
Possibly one of the differences between the two 
interpretations lies in that whereas the two Irish magma chambers 
are 10 miles apart and can be approximated to a horizontal 
cylinder, the Skye magma Chambers are much closer together and 
approximate more closely to a vertical cylinder. The 
departures from the vertical cylinder form indicated by the 
positive residuals, do suggest that the anomalous mass is 
slightly eccentric with its major axis trending NE - sw. 
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The ·Red Hills Granites 
Geolog,y 
These constitute after the Mourne Mountain granites - the 
largest area of granite and granophyre in the Tertiar,r province. 
Both geologically and. geographically they can be divided into 
two main divisions: the Western Red Hills and the Eastern Red 
Hills. 
Along its northern and eastern boundaries, the Western Red 
Hills granite rests successively on basalt and Torridonian, and 
con~idering the.evidence prior to 1948, the granite appears to 
have the f·orm Of a l~rge irregular laccolith With a SOUtherly 
dip. ~he almost straight, vert1oal boundary along the 
Sligachan River was believed by Harker to be the source of the 
magma which then spread laterally eastwards in a series· of 
distinct intru~::~ions - the so called quasi-horizontal sheets. 
While there is no evidence to indicate the original thickness of 
the granites, Harker put their present thickness in the central 
area as exceeding 1509 feet. 
Of the Eastern Red::.it1].ls, he observes that Beinn na Oaillieh 
has definitely 'the boss-like form' and that the structural 
relations are complex. His structural views are summarised in 
the comment: "The granite in general has partly the boss like 
and partly the ··laccoli thic habit and the two types of junction, 
the vertically transgressive and the obliquely underlying 
exemplified in Glen Sligachan seem to belong to the different 
modes of intrusion.tt 
The Boqguer Anomalies and their inter~retation 
The Bouguer anomalies (Plate l) show considerable distortion 
~··· 
----------------...,.-------,----------- ·-······ 
Fig.16. 
· SKY£: BOUGUER ANOf1ALY. PROFILE: 
s. 
CORUISI<- SCALPAY 
• I 
•. 
. . 
. I 
I 
I. 
I 
2 . 4 .; 6 8 10 '12. miles 
• ~'\ '\. %~ '\'-"-."0:)·.+ + + + + +I · · · · · · · · · · · · · · ·-· · · · · · · · · · · · · · · :1· 
. . . :• . . . . . . . . . .. • . . . .. . . . . . . . . . . . . 
. OABBRO . ORANITE . ·. . J URAS.SIC 
I 
l 
I 
l j 
l 
over the·granite area, a ridge of lower gravity extending over 
the tongue of granite across Glen Sligachan. Curiously enough 
this ridge corresponds with the Marsco anticline of Harker's. 
Quillin laccolith whiCh is shown on page 86 of the Memoir. 
Over the grani tea the gravity gradients are low, the gradient 
between Loch Ainort and Glen Sligachan being 2.6 mgals/ml. 
However, the gabbro-granite jQ.nction in. Glen Sligach~ 
introduces a high surface density contrast of 0.4 gms/cc. and 
this raises the gradient to 11 mgals/mile. 
The. distortion of the anomaly profile over the granite is 
well seen on Fig. 13. This local minimum appears to have a 
depth of 10 milligals and if the tongue of granite in the line 
of section is assumed to be in the form of a vertical cylinder 
of radius 1 mile, then the thickness of granite below sea level 
must be less than 3000 feet. This conclusion is quite 
independent of any assumptions made as to the nature and 
geometry of the mass responsible for the main anomaly. 
Tracing the gran~te to the east, the profile Loch Coruisk-
Scalpay (Fig. 16) . shows the anomaly over the main mass of the 
Western Red hills. The gravity low seen on the Sligachan 
profile is much re.duced in size, being less than 2 milligal. 
Obviously the granite has become very thin indeed, and is 
approximating to a thin sheet with its base not far below sea 
level. 
The structural picture indicated by the gravi~ anomalies 
is that of a thick area of granite along the line of Glen 
Sligachan thinning to the east. There is insufficient evidence 
to form any definite opinions on the for.m of the Beinn na Caillich 
.D 
mass; though the contours, as interpolated, suggest a sheet-like 
. . 
rather than a stock-like form. 
Petrogenetic Lmplication~ 
The deduction that the acid rocks are comparatively 
unimportant in bulk compared with the main basic mass .raises 
several interesting points of petrogenesis·. 
From the gravity evidence the granites and granophyres now 
appear as a thin scum on an underlying basic magma ~ ~lmost a 
text book exposition of the magn1atic viewpoint - and if we 
accept.Grout's estimate that a basic magma will yield.from 
5% - 10% of acid differentiate, the basic mass indicated by the 
main positive anomaly provides an adequate source. 
However, Wager and Deer (1938) record that the mineralogical 
and textural features of gran0phyre inclusions at Skaergaard -
which have been produced by refusion of acid gneiss - are 
similar to those of granophyres from the Tertiary Centres of 
Scotland •. King (1953) noted the transformation of Torridonian 
sandstone to granophyre at Creag Strollamus in Skye, and Black 
(1954) described the transfor.mation of Torridonian to 
granophyre in Rhum. M.K. Wells (1951) has recorded that 
sedimentary inclusions within the hypersthene gabbro of Centre 2 
of Ardnamurchan have been transfor.med to granophyre. 
Others, opposed to the idea of transformation, record that 
both the Torridon sandstone and the Tertiary granites have been 
melted by Tertiary dykes without change of composition •. This 
effect was noted by Almond (unpublished) in his mapping of the 
Torridonian-Gabbro contact ~t Camasunary in Skye. 
The solution of the problem of origin of the Tertiary 
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FORMATION OF RING DYKES .BY CAULDRON SUBSIDENCE .(after Richey) 
__________ :____J 
granites must ultimately come from petrography and chemistry, 
since the only evidence provided .by the Bouguer anomaly is that 
of a density contrast and this contrast is the same irrespective 
. of the source of the granite. 
Yet any theory_of Qrigin must be consistent with the 
structural picture indicated by the Bouguer anomalies and in this 
context the parallels with the Mourne Mountain granites are worth 
consideration. 
The.gravity field over the Mourne granites is similar to 
that a bserved in Skye, the grani tea having 11 t tle or no effe_ct on 
the mai~ positive anomaly. From the absence of anomaly, Cook and 
Murphy concluded that the granites were thin and that their 
maximum thickness probably did not exceed 3000-4000 feet. This 
agreed well with the known structure of the Mournes. There 
Richey (1928) had recognised four distinct intrusions of granite 
and from their structural relationships, he suggested that the 
Eas~er.n Mournes were emplaced by a cauldron subsidence mechanism 
similar to that which operated in-Glencoe (Clough et al. 1909). 
It is tempting to consider that the Red· Hills granites may 
have been emplaced by a similar mechanism. This has some 
geological s~pport: mapping in the Western Red Hills by Richey, 
Wager and Stewart (1948) has shown the existence of four 
petrolqgically distinct granites; and professor Stewart's mapping 
in the Beinn na Caillich area indicates at least seven distinct 
granitic i~trusions (private communication). 
From the gravity evidence the thickest area of granite 
appears to lie beneath Glen Sligachan. If the Western Red Hills 
have resulted from a cauldron subsidence, the earliest granite 
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should l~e along Glen Sligachan, and :tr~m Wager and Stewart's 
map (Fig.l7) this would appear to be so, G:L being exposed along 
this line. Subsidence of a .central block does not involve. 
magma rising along the eastern margin in the ·scalpay area. This 
is consistent w1 th both the obse~ved geology and the gravity field 
the granite thinning to the east. 
CQnclusi,ons. 
~he high_p~si,tive Bouguer anomalies over Central Slqe are 
1~:t~~~r~f;ec!J. in_term,$ of a basic vertical cylinder of radius 5 
IJ.lile$, pQ~sip:J..y ~:x:t;en.ding_into the Intermediate l$yer at a depth 
qt, .l7 __ l,{m~-·- Depar,t':lrts from the cylindrical form indicated by the 
g~~y~f;y ~esi,duals, suggest that the anomalous mass is slightly 
eccentric with its maj()l' ax:ts t:rencli;ng NE - sw. Thi$ is_. 
consistent with the three main plutonic centres being underlain 
by three interacting vertical cylinders representing original _ 
magma chambers. There is also a possibility that the basic mass 
widens towards the b.ase 1 . in which case the original magma chamber 
had the inverted 'flower. pot' form favoured by Anderson. 
Gravity lows along the line _of Glen Sligachan indicate a 
granite approximately 3000 teet thick thinning to the east. These 
observations, ooupled with the field evidence of Wager and Stewart,_ 
lead to the tentative conclusion that the Western Red Hills may 
have been emplaced by a cauldron subsidence mechanism. Further 
gravity observations in the critical areas would enable a more 
definite statement to be made. 
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Ohapter VII 
BOUGUER ANOMALIES AND THEIR RELATION TO TERTIARY PLUTONISM 
IN MULL 
introduction. 
The Tertie.ry igneous activity (Jf Mull exceeds that found 
in all other centres in the extent and complexity of its 
manifestations. Despite this, the same general structural 
pattern ·alreadT described from Slqe· and Ardnamurchan prevails 
in Mull. The $'Q.l't'ace area .of the_ intrusive masses of Skye 
and Mull are approximately equal (Slqe, 59 sq. miles; Mull·, 
58 sq. miles); there is the same shift of magmatic focus, 
and a similar development of predominantly basic and acid 
centres. 
These superficial similarities were found to be reflected 
in the gravity field, the Bouguer anomalies over the two 
centres of Slqe and Mull_having the same general form and an· 
almost identical maximum. Not surprisingly, the 
interpretation proceeds on similar lines and the assumptions 
made earlier - tb,at the simple g~avity field associated with 
the vertical cyl~nder was comp~i~ated by the presence of near 
surface acid intrusives- are now carried over and applied-in 
Mull~ 
· · Geolosz. 
A detaile"- 21~count Qf the geology and time sequences wou~d 
be ()ut of _plac.e here, ~~cel~en~ a~cou~ts having been given in 
l31liley . (1924) anQ. a~Cllf)7 (193.2, 1948) • .. The principai stages 
. . 
releva11t to .. the pl'f:t!J~l1~ wgr~ a~Et s~al'i~Je<l. b.elow:-
There were apparently three main centres of·igneous 
I 
i 
l 
l 
I 
a!lti'v1tf: . a ao"Q._tb.el'D Q~n~r~. ~r'Q'\l.Dd_ L9ch Schr~dain, a south-east 
calder~, and a ].at~r pr~d9.m~nan~ly_ $_cid north-west centre around 
Loch Ba. The_ centres have a bilat~~al symmetry about a NW- SE 
line, and though the individual sequence of events wi-thin the 
centre.s is complex, the various igneous assemblages can be 
s_impl.y ret erred to two successive acid-basic igneous cycles 
ending w~th a tinal recurrence ot acid magma. 
A significant teatur~ tor the work was that whereas in Sk7e 
and Ardnamurchan the former existence ot a volcano was not 
immediately apparent, Bailey conclusively demonstrated that 
during the Tertiary the South East Caldera was a true volcanic 
sink caldera similar to ·that ot Kilauea. 
Dtscription of the gnomalies 
The BouguerAnomaly Map (Plate 2) shows many features 
simil.ar_to those already described in Skye. The contours again 
serve to emphasise the intensely local nature of the anomaly, a 
large pQsitive anomaly being centred over the Mull plutonic 
oo~lex. A further description of the anomaly now follows:-
A la~ge closed area ot positive Bouguer· anomalies extends 
over the plutonic complex. The main anomaly is almost 
pertectl7. cir~ular - with the exception of the anomaliQus 
area over the later acid caldera - tb,ough there is a 
slight NW - SE elongation. 
Over the South East Caldera - the wreck ot the central 
volcano _-- the _Bouguer anomaly rises to a. maximum value ot 
71.7 mgals., only 1. 7 mgals. lower than the Skye maximum. 
To_the north of the plutoni~ complex, the Bouguer anomal7 
ha~ an aver~ge ~alue of 20 - 21 mgals. over the plateau 
basalts, increasing to 24 mgals. in the extreme north west 
of the island. This presumably forms part of a positive 
trend extending towards the 30 mgal. anomaly found over 
the Lewisian gneiss of Ooll• Over the Sound of Mull 
8 miles south-east of the maximum valu,e, the anomaly is 
still falling at the rate or 5 mgals/mile towards the 
Morvern-Btrontian granite mass. 
An area of lower (+17 mgals.) Bouguer anomalies along 
the north east coast of the island would appear to be an 
extension of a similarlt trending low in Ardnamurchan. 
No obvious geological feature corre~onds with this 
anomal7. 
There is considerable distortion of the lines.of equal 
gravity over the acid Loch Ba centre, the hori•Qntal 
gr~dient frequently fal~ing to 1 mgal/mile. The maximum 
h.orizontal gradient (9.3 mgals/mile) occurs at the 
eastern end of Loch Scridain. The average gradient 
appears to be 6 mgals/mile~ 
The nature of.the basement 
Mull lies to the. east of the Moine Thrust and the. 
metamorphic bas~ent - where exposed - is made up of steepl7 
dipping Moine gneiss striking t·o the north-:-east. Lewisian 
g:neiss. reappeal'S to the we~t of _the. i_sland, and presumablj' 
west of the Moine Thrust also, in Iona q.v. Petrologioall7, 
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the Moine rocks of ~ull ~re. pr~dotniDilntly sedimentary- in· 
origin and show a high degree of regional metamorphism. 
The nature of' the basement beneath the Tertiary centres 
can be assessed f'rom ~he vent agglomerates. Large fragments 
ot Moine gneiss are found in the })eripheral vents anQ. in 
places parts of' the old gneissic floor are exposed by- erosion. 
No pre-Tertiary rocks have been found within the main caldera, 
and it is interred that in central Mull the old pre-Tertiar;r 
f'loor_had sunk so tar down the caldera that it was una:f'tected 
by later surface volcanic explosions. No Lewisian has been 
recorded in 8.llJ' of the vents (presumably tor the reason already 
cited). tho.ugh it must be present at depth. 
Mesozoic sediments ranging in age from Triassic to 
Cretaceous overl~e the Moi~~ basement. They are generally thin 
reaching a maximum thickness of' 1000 f'eet in South East Mull 
and 600 teet in Ardnamurchan. 
The densitl contrast 
If' ~he plutonic complex is underlain b;r a basic mass - as 
the geological evidence suggests - then the positive ~ouguer 
anomaly arises from the density contrast between this mass and 
the lighte~ metamorphic basement. The surface density of' the 
Moine is ~. 75 .10.05 gtns/cc. Lewisian. densities are generally 
hig}ler 2.8 gms/ec., an(i an average_value f'or the metamOrphic 
basement as a whole .. i.e p~obably _Ql,oser. to 2.8 gms/~c. It the 
<tensity Qf'. tb,ebasic ~ass is.1iaken as 3.00 gms/ec., then the 
density contrast is 0.2 gms/cc. 
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The bac1tground anomalY 
Si~ce metamorphic formations have a fai~ly constant_bulk 
density, the Bonsuer anomaly over these areas provides the best 
estimate of the background. Unfortunately; there are few large 
areas of the metamorphic basement exposed in Mull from which an 
estimate can· be obtained:. The Bouguer anomaly rises to 20 nigals. 
towards the Lewisian of Iona, increasing-to 30 mgals. in Ooll. 
Over the Mo_ine gneiss of western Mull ·the average value of 
10 mgals. is not typical owing to the_effeet of the adjacent 
Ross of Mull granite q.v. Bousuer anomalies over the northern 
plateau basalts vary between 16 and 24 mgals. with an average 
value of 20 mgals. Similar values have been noted elsewhere_ 
(vide 6 ,42) and seem typical of- background anomalies over m_ost 
of the Palaeo~oic and Pre-Cambrian regions of the western 
British ;tales. 
The anomalies 
The assumption of a backg~o~nd field of 20 mgals. leaves 
~ positive ano~aly· of 52 mgals. oyer the South East Caldera 
and a smaller 30 mgal. anom~ly over the later Loch Ba centre. 
The Physical Interpretation 
Introduction 
' 
';rhe interpretat:t.on begins with a·preliminary estimate of 
~ i the ~e]\>t1le _ ~o. tP,~ ~pper __ ~~ci _lower eurface of the anomalous · 
j mass, f'Qll~d.b;r s e!)illps~111Ql!l .C!f'. ~he theoretical prof'1les 
1 S»b~a~n.~4. t~~m ye;r.tice.:t ~7.~~n.ci~J,'S ~ wi_~h_ t_l1J.e observed gravity_ 
1 profiles over the Mull plutonic complex. The residuals are then 
discussed a_s de.p~r~l1l'eS from. the ideal cylindrical form. 
(i) Depth estimations 
The techniques alread7 used :in· Skye wer~ again applied in. 
Mull. Using a formula given by Bott and Smith (1958) for a 
point mass it can be shown that the structure responsible tor 
the main anomaly cannot be deeper· than 4.8 miles. This 
confirms a shallow origin tor anomaly and suggests that the 
most probable source of the anomaly is a direct density 
contrast between an extension of the plutonic complex seen at 
the surface and the lighter metased1men~a1'7 basement. This 
result is independent of any llSSumptions as to the magni~ude 
of the densi t:r contrast or. the geometry of the anomalous llass. 
Estimates of the minimum depth to the lower surface can 
be obtained by assuming 1) a density contrast and 2) that the 
anomalous mass is in the to~ of a vertical cylinder. The 
radius of the vertical cylinder is found from the numerical 
characteristics of the anomaly_ and must be greater than the 
so-called 'half. anomaly' radius. {These half anomaly values 
can be found by reterring to the graph given i:n .Appendix 1). 
Taki~g the radius as 5 m1les and the total anomaly as 
52 mgals. ,_ the fol~()wing _minimum estimates were obtained for 
various density contrasts:-
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cylinder Qf infinite +~ngth. This ~s. clearly ina~issible and 
places an effective_lower_limi~ on the de~sity contrast at 
o.is gms/cc. The most probable density contrast is 0.2 gms/cc., 
in which case, the depth to the base of the basic mass is 
considerable (17 Kms.) and of the order.of thickness of the 
granitic layer of seismology. 
(ii) Theoretical model§ 
Whil.st the above results satisfy the numerical 
characteristics of the anomaly,_ it remains to find a 
theoretical model consistent with the observed gravity 
gradients and the general form of the gravity field itself. 
This model must also be consistent wi·th the known geological 
structure. 
In Chapter 6 the probable space form of a Tertiar7 magma 
chamber was discussed in the l~ght of both the geological and 
geophysical evi4ence and a cylindrical form decided upon. It 
is considered likely that both the Skye and Mull cen tree have 
the same general_ space form and this is borne out by the 
similarities between the gravity profiles over the two centres 
(Fig. 18). 
In v~ew of the$e $~milar~t~es, a theoretical model was 
~ons~i-uctc;td for -~.v~rt:l,~a:t.cyl~~der.hav1rig dimensions: 
radius 26.:to3 ft., Q.epth to _'Qase 57.103 ft. and densit7 
oontr~st 0.2 gms/cc. Tbis corresponds exactly with the model 
PJ.-1!3Vi()u~:ty us~d. ~n. Slcy'c;,. Th4:l. ~}l_eoretical profile was 
.IS~P.~:I'iiiiPOSc;,Q._ o_n t~e. Bo:u.gU:~r an~maly profile across the 
basaltic South East Oalde!a(O- O') and the result shown on 
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Fig~e 19. The 'fit' between the two profiles is reasonable 
--
and the smaller departures fr9m th~ theoretical form can be 
correlated with the surface geolo87. 
From an interpretative viewpoint, this result was_expected 
since it is a major premise in the interpretation that radical 
dep~ures from the ideal cylindrical form are due to the 
presence of acid intrusives. There are no major acid 
intrusives within the South East Caldera along the line of 
section, and so the subjacent-basaltic chamber approximates to 
a single verti~al cylinder. 
There are, however, some disparities between the two 
profiles shown in F1.g_. 19. For example: t}?.e observed gravity 
gxaadients to the ea~t-nortll.-east are higher, and the -total 
gravity field lower, than would be expected from the theoretical 
model •. This is attribu~ecll. to the negative gravity anomal7 
which is ~nown to be associated with the Morvern-Strontian 
Granite. A similar argument applies to the effect of the Ross 
of Mull Granite to the west-south-west. 
The profile Tobermory - Loch Spelve. - If the vertical 
cylinder_model used in the i~terpretation of the profile Ross 
of Mull - Torosay is correct, then the Tobe~ory - Loch Spelve 
profile (Fig. 20) Sho\11~ be a Chord section of the same 
cylinder. To test thi~, _ ~ht:t gravity field of the pr~posed 
verti(lal cylinder was J?lotted as an isogal. map centred over 
the South East Caldera_, ~nd the gravity profile along the line 
Tol;»ermory ~ Loc~ Spel ye read off. Thi. s . theo~e tical _profile 
(overlay to Fig. 20) was .then compared with the observed 
gravity profile. The resul,t~_~how a general correspondence ·and 
confirm the original. as~umption tl.la t. t.he. underlying mass is 
' 
essentially cylindri_cal •. Such de:p8lt',1mres as there are from. the 
theoretical profile are shown by the gravity residuals and can 
again be correlated . w1 th the surface geology-. 
(iii) The Residuals 
Whilst reasonable agreement between the observed and 
theoretical profiles can be obtained using a vertical cylinder, 
it is interesting to note the effect of subtracting the total 
gravitational effect of the proposed theoretical model from the 
observed Bouguer gravity field. The principal results of tnis 
procedure are summari·sed below. 
1. Over large areas there are gravity residuals of ± 3 
mgals. These residuals could possibly be eliminated b7 
taking a·: 111ore refine4 model, but so f'ar this has not been 
attempted. 
2. Negative residuals of up to 10 mgals are found over 
the outcrop of the acid Loch. Ba centre. 
3. Areas o:r positiv~ residll.als (5 -10 mgals.) are found 
over the ~()rth westel'~ and south eastern. margins of' the 
. main plutonic complex. These cannot be explained in terms 
of.lighter ne~r surface . .mass~s and must represent genuine 
departures f:rorn the ideal cylindrical f'orm. 
(iv) The Space ~orm 
Whils"t the proposed vertical. cylinder satisfied the 
·majority o:r the features of the gravity_field, further comments 
can be made. 
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. The slight elliptici.tY of the Bouguer gravity field 
·corresponds with ·the known shif't .of' magmatic focus from the 
south-east to the north-west Caldera. On the traditional 
view, this is related to a shif't in position of the·magma 
chamber. By analogy with Skye, the ideal space form of the 
Mull magma chamber would be not one vertical cylinder, but 
two interacting cylinders, centred beneath the two calderas, 
with their centres along a NW - BE lin~. These would 
behave gravimetrically as one cylinder, though we must 
expect positive residuals along the NW - SE line. This was 
found to be so, residv,als of 10 mgals. occurring north-west 
of the Loch Ba Centre. 
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Geological Interpretation of the Anomalies 
The profile ,Tobermory - Loc~ Spelve 
The proposed th~oretical model still leaves residuals over 
the two plutonic complexes which can best be correlated with 
the surface geology. The Loch Spelve profile (Fig. 20) 
reflects st~ongly the effects of the surface geological formations, 
the most str~king feature being a fall in anomaly of 8 mgals. 
to the south east of the maximum. This is a definite feature 
irres~ective of ~he residual.s calculated from the theoretical 
model, and shows, though to a lesser degree, on the Ross of 
Mull - Torosay profile (Fig. 18, Mull 1). 
The area delineated by the gravity 'lows' is geologically 
complex consisting of Moine gneiss, olivine dolerite, vent 
agglomerate, felsite and_granopb7re, and to the extreme south 
east an outcrop of Trias •.. With the exception of the olivine 
dolerite, all these formations ha~e densities considerably 
less than that of'.the surface eucrite, or of the proposed 
.. 
theoretical model. A netir surface origin to~ the anomal7 is 
confirmed py the high gravi ~Y gradients of 8 mgals/mile. 
In v:t.ew of the large Xl'Umber o·f' c()ne sheets,. and the known 
position of the ma~gim of t}le South East Caldera, it is 
considered unlik~ly that the anoma~7 could be caused by a 
sub-surface exte.nsion of the Trias. Thus the most probable 
(la11se of the a;nomaly is a. d;i.l'ect density contrast between the 
lower .ciens~ty_a~id in~~$ives alld ven~ agglomerates, and the 
aQ.jace;Q~ .. e11.cr:ltet ~nd Qliyin_e .«19ler1_te. The presence of this 
low density mass within an area theoretically represented by 
t_P,~ .1;>~1\lalt _or _gapb~o o~ ~lu~ p~()P.()~ed_ th.eor~tical model is 
responsible for t;P,e .13 mg$1._ :re_sidUfil. 
A tall,. in anomaly ovel' tll.Eit north eS,stern margin of' Centre 
2- theLoch Ba centre~ i$ partly the eff'f;lct of' a larger 
gravity low over the Glencannel granophyre. A contributory 
factor __ is the. rela ti vel,.y low density of' the in tel"111edia te to 
sub-acid augite diorite expo$ed at the surface along the line 
of sectif)n. The_augite diorite 'tlecomes increasingly acid 
upwards in its north eastern extremity (Mull Memoir, p. 218). 
The.- Mull magm§ chamber 
The p:J.~ture l'evea~ed by the Bouguer a:nomali.es is that the 
Mull plutonic complex is un4erlain by a 'basic_ batholith' of' 
rad_ius_ 5 miles possi'Qly t:txte!lding into the Intermediate layer 
at a _depth of' 17 R'ms. _ ~tteh a magma chamber ha$ long been 
suspected from the ~vidence ofgt:tol()gy andpetroloS7. Only a 
~~rge and resul11r masmll.c:b.ambercould e~plain the remarkable 
r~gula~i t7 _in the arrangement e»:r the cone. sheets and ring dykes_. 
. . 
TP.e. vast; amount of dif'f'e!'entia,ted magma represented-by the 
_int;t'USiOnf3 related _to tl;le _M'lill centre_ are. only consistent with 
a CE1pa~ious local !'eservoj_r. _ Since ·thel'e is go(Jd reason to 
b~liev;e _that __ the :re~:~e;r-v()ir_ was restricted =!,a terally, i ti!S depth 
must have_ b~en __ consi(lerE1ble (Rj_che7,_ 1932). 
-~ connection_ with t:he I~te~e~iate layer has always been 
ass'tliiJ.e4_f'or ~antral vol,.ca~oes ancl tbis is confirmed trom the 
Tel'tiary S()uthEast 9S:lc;lera _c;:,f' Mu,ll •. Not_ that this itQlies 
that the l>as~lt; _ori_ginated w.ithil!l the Intel'lDediate layer, or 
that the regional magma.chamber was at a depth of' 17 Kms. It 
Qnly _ :lmplie$ a l()E:l_S ()~ dens; tY con~:P~st at this depth. From 
the origin of ~a:Pthquake shocks below active volcanoes such 
as _Hawaii, .it seems mo:Pe likely that the regional magma 
chambe:P and the ultimate source of basalt is at a depth of 
60 Xms. or mo:Pe (Jones, 1938). 
The space problem. created. by the basic batholith and 
I 
the origin of basalt are discussed more tully- in Chapter 10. 
The ·Loch Ba Centre 
Introduction 
Activity in the South East Caldera clQsed with a shift 
of magmatic focus, first north-west to Beinn Chaisgidle and 
tben to Loch Ba around which a marked cauldron subsidence 
was formed at a later date. The centre as ~ whole is 
delineated by the Loch Ba felsite ring dyke, the most 
perfect example of its type known to science. The main 
interest of' the centre for this work is that the isogals 
show considerable distortion over the Glencannel granophyre 
and so enable estimates to be made of the thickness of' the 
· granite masses. 
The base of the Glencannel granophyre is nowhere seen, 
but the exposed thickness exceeds 1000 teet. Its space form 
is uncertain: the authors of the Mull Memoir do not commit 
themselves, but Richey (1948) describes the mass as either a 
stock or a thick sheet, the tl()or of' which is not exposed, 
connected marginally with a ring dyke. In a paper by Van 
Bemmelen (1938) the thickness of' the granophyre is shown as 
5 Xms.· 
The Bouguer Anomalies 
The BQugu~r a~Qmalies Q'\"ttr.the Loch Ba centre are shown 
on Plate 2. Jl~om tl:Le symm(ttry Qf' the m~in positive anomaly, 
t;h~r~ ~111 an appa:t'~n~ :t'~l~ .. ~l_l .&:rlQmal;r. over .the centre of 
5 .mga].s •... Qv~~ .~Q.t9 no~tl:J.-w~E:Jt. margiJil ~t the Loch Ba ring 
~ke the horizontal gradient falls from 5 mgals/mile to 
7o 
-0.5 mgals(mile. This low gr~dient is maintained over the 
granopbyre, the gradient increasing again towards the south-
east margin and the contact with the South East Caldera. 
There are no gravity stations over the south east margin and 
the gradient in that area is shown rising uni·tormly at a rate 
ot 6 mgals/mile. 
· The interpretation 
1) The density contrast 
The Glencannel granopbyi-e is intruded. into basalts, 
gabbros, diorites and rhyolites. The density contrast arises 
from the juxtaposition·ot the intrusive granophyre 
·(2.55- 2.60 gms/cc.) and the basic wall rocks of the caldera 
(2.95- 3.00 gms/cc.)4!' The most probable density contrast is 
in the range 0.35 - 0.40 gms/cc. 
i i) The anomali 
From the ~~etry_ of th~ main pos~tive anomaly as a 
whole, there is an appfl:r:-E»ntfall in anomaly over the Loch Ba 
()entre of 5 mgals. A. s~()O:tlCl e111timate can be obtained by 
eubtraQti;ng the effect .of the postulated basic vertical 
cy::Lind~r frc)m the. obs~rv~d gr(lvi ty. field. Applying this 
technique leaves a residual negative anomaly of 10 mgals. 
iii) ';l!h~ .t~;l.cknesl!l C)f tll.e Glencanl;l_~l gran()ph;rre 
E$.t~U1at~~ o~ tb,e _thic~ess h~ve b~en. obtained by assuming 
the gr~nophyre to b~ ill the. fO?IIl.O.t' a Qir~l~r (lise of radius 
Qqu~~ -~"- tll.~ t _ ()t 1;b,e .L.9"h_:Sa· .. cti~1izaE3 (1 •. 5 miles). In the 
table below, the maximum· thicknesses are given for .the two 
7/ 
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possible anomalies and two density contrasts • 
. Estimates of' thickness of' Glencannel· Granoph..yre 
Anomaly Depth to base in feet 
5 mgls. 1050 1250 
10 mgls. 2400 2700 
,. 
p 0.40 0.35 
The estimates for ananomaly.o:f' 5 mgals. are independent of' 
any assumptions ~$.~0 the.ge()metry of'. the mass responsible 
for the main po~itive g:ravi~Y. ano1tlElly. On the other hand, 
the 10 mgal. valu~ pr~~~ppOSttS a cylindrical form for the 
main basic mal!Ss;. 1;11~ .ano"gialies over tbe granites then being 
treated ~s Q.ep~rtu~es from the :l.deal form • 
.. Irx-espc;Jctive of' the .. :numc;Jrical .values, the main 
concl'llsi()n is tbat the gra~itea are thin for a large surface 
outc::r.op ~n4 .. tQ.u~ contrast w1 th the typical post tectonic 
g;t-anites, :l..e. the space fol'm is laccolithic rather than 
batholi1;hic • 
. This eom.pa~es f'a:vou~ably with .the results previously 
ob.~fi~ned by u.~ .~11 . sg-~ .. ~C1 ~Y Cook and Murphy in Ireland. 
These are summarised below:-
72. 
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Thickness of the Tertiary Gra»,ites 
No. of intrusions Max. thickness Area· in sq • miles 
.. 
.. .. 
Skye 4 3000 1 30.5 
Mourne a 4 3000 1-4000 1 55 
Mull 3 2700' 25 
.. 
Orisin of : the .Glencannel" Granoph.v_re . 
The .essel)~i~l difference in spac:e_t~rm b~tween the 
Tertiary- grani tea and. t.1le typica.l post~ tectonic gr~ni tes. 
again raises the pr.ob:t.e~ of their origin. This has already 
bEu3n . discus~ed in part in Oll.apter 6 -with .regard to ~he Red 
Hills granites. Ther.e.t}le ~agmatic origin_()t t}le granite was 
:l.n difJPut.e owing to the asQer.t~()n. that .it. waa;s derived by 
tran~formation of. the Torridcmian •.. ~his argument cannot be 
advanced in Mu].l .~w~ng ~o the ab.~ence.e>f Tor.r.id.onia:n within 
the O~ntl'al Complex. Y~~ ... ttle esse:g~ia~l;y mic:ropegmatitic 
s:ran()p~:res. of M"Q.].]. .~Q :tl()t a.ppea;r.-. t_o .be_ t}le end .rnember ot a 
dif'f~renttat~on. s~r.i,es and i!l thi.s r_espec~ differ from the Red 
Mills gr~:nites whi.cb. C:Qul,dJ;te so reg~rtied. · 
A c::t.ue to. .t"he .. c:.rig~n.J~~ ~he Tertiary Sl'~t1~tes ·comes from 
the Tertiar~ i~neous c9mp:J..e~ of" S:t.ieve ~lli.<>ll· .. Tl1ere 
)< ReypqJ..qs (1,941_, __ 195()) r.~~op~_sed. ~h~_t_ .the Oaletio.ni.an .. 
Sl'~nQQ.i.c:>:r-i.te .. ~s. been. oQ:r:r~~r.te4 .bY. _th~ l~i.. ter Tertia.l'Y bas.io 
int;rusiqnes. i.ntc;> a J:'()~Jt _ tel'DJed 'PY. her. -~ ~()r()pegmat~te.:. . a.nci. 
the granite.s ()f_Mo~r.ne, .A.r.:ra.n and _Mul,l e~,re El.l~ micr()p~gmat.ites. 
In the Tertiary plutonic centres as a whole there is a 
consil.er1All.e amoun~ of evidence for the s~leetive melting of 
metas.ediments _or s~al. _ F.o~ ~xamplc;t, it_ seems likely that 
the abnormal quart.z gabbros of ~rdnamurchan resulted from an 
admixture of eucrite and mobilise4 feldspathic Moine 
granulite. Richey has suggested that· two hybrid masses near 
,the Loch Ba centre may represent partially liquefied 
basement Moine gneiss or sial ~xe4 with some basic magma. 
If' these effects can be produced at high levels. in .the crust, 
what may be the effect_ of molten basic magma upon the 
granitic sial at_depth. 
An i~geniou13 idea ()f R+9hey'.s sugge13t13 that the Tertiary 
magma reserv()irwat:~ _in the fQl.'lll. of_ a laby-J.-i1lth of basic magma 
within the sialic ~1'\1.1!1~~ .. - St;Q:p~:ns.J~l)d_~l3ion.. of the granit_ic 
crust within th~ .1-.b,yrint~ l'IO~ld·_not _Q~ly give -~ise to the 
gl'ani te sheet;13 ... ops~t,tv.~4 at.. _t;p.~ __ 13~z-face, _but w(l)uld als.o 
e~;Lt:~,in the i».t~~itj;ent e~r.11~ter al)d _ eompo.:ai tional changes 
no_t;ed _in .~ _ ca~lqrQn_ .. s~b sid~l)ec;t_._ .. ~Etl~c ti ye Dial ting· of the 
S~fi+~c _c~est l:las. tp.e a(lqit~on.ti.l.Jnerj,.t __ tha~ Jt '1lelpf3 to 
l.'t)eo+vEt _th£t space p~ol:>l~!ll Q~ea~~d.. 'by t;he p~c;t13e~c.e _ C)f 850 . 
Qubi,e m:tle 13 _of b~l:iie ma te~:l-~1 vri t~~11- _ thEt crust, __ some o.f _the 
r~l:,llce.d .. _13ial having presumably fused to give granophyre. 
Conclusions ....... ... 
_ 'rhe. gre:vi ty e.v~.de.nce ~\].gges_ts ___ t;h(l t ~he Glen cannel 
gzaai1oP;rl'e is _ill· the_ fo.:rm ~.f." .. a __ s!l.Etet of c()n.siderab:t,e ar_f;t~l 
'· . 
t&~tent,_but lil:teJ.y tq "be ::L_el3fil t:tl.al1 ~jOO __ fe~t. tll.1.<3lt.• ~h1s 
space. _:f'Q~ _ _'i:s __ 13i1T11~211.~ ... ~() _ 1;~ 1;.., de~\1()84 _ f."~r .... t.P.e _ otll.E3r ---~el'tiary 
granites and·is consistent with-the acc~ted geological 
op1n1·on that the granites are the result of a cauldron 
subsidence. The gravity evidence cannot, however, give a 
· definite answer to the problem of the origin of the granite. 
Their association with a large basic pluton provides either 
an adequate source of acid differentiates, or sufficient 
heat to fuse the pre-existing metasedimentary and granitic 
layers. In Mull the geological evidence favours t_he retu~ion 
of the Moine basement. Large scale fusion of the sial helps 
to resolve the basaltic space problem created by the basic 
pluton. 
Conclusions 
_ ....... . 
The s~milarities between the Skye and Mull centres are 
such that the geological implications of the'Mull anomalies 
only reinforce_ what has already been written concerning Skye. 
Certainly the oonclus~ons regarding the form of. the Tertiary 
magma chamber apply equally well toeither centre. 
It is concluded that the_Mull plutonic complex is 
underlain by. a dense and presumably basic mass of radius five 
miles and minimum depth 11. miles. .. The most probable shape 
· for thEt mass is .that of ~wo. ii1teracting cylinders with their 
centres along a north west.- south east line. Departures 
from the propos~d cylind.J;'ical fol'lll ·are shown by_ ·gravity lows 
Qver .. ~hE? acid LQQh Ba centre. ~his effect is relatively 
sm~:Ll, anq cor1t~rms tl:u~ view that the Tertiary granites are 
thin for a large surface area. The Loch Ba low has been 
ii1terpreted in. t,el'llls ot_a_L\Ih~~t less than 2700 teet thick 
corresponding with the outcrop ·of the Glenoannel granopbyres. 
Introq.uction 
Chapter VIII 
ARRAN 
Arran is unusual amongst the Tertiary Centres in that it 
not only contains both the largest and the smallest individual 
plutonic complex, but that these two centres are eroded to 
different structural levels. The Northern Granite is a cross 
section of a deep seated cauldron subsidence wher.eas the 
Central Ring Complex represents a much higher level of erosion 
and the remains of individual volcanoes can be recognised 
within the main caldera. (King, 1955). 
Except around the Central Complex, riq;structures are less 
obvious than els·ewhere, ·and there is no evidence of cone-sheets -
at least not at the present:level·ot·erosion. All evidence tor 
the former existence of a plateau basalt cover has been 
r~oved, except tor re.manie blocks of basalts within the 
calderas. The few remaining gabbro masses suggest that a large 
gabbro intru~ion originally extended around half the periphery 
of the Central Complex (Tyrell, 1928). .The later granites of ' 
the Central Complex would appear to have been emplaced in 
conformity with the general structure of the volcanic caldera 
(King, op.cit.). 
Despite the p~eponderance of acid intrusives at the 
surface, the Bouguer anomalies were again found to be 
positi'ie and similar in magnitude to those already described 
in Ardnamurchan. The general shape and smoothness of' the 
gravity profile is, howeve,r,.more akin to that of the Irish 
Centres, and suggests that the origin of the anomaly should be 
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sought in a· more deep seated basic mass. Obviously, the 
vertical cylinder concept will be more difficult to apply, 
and the geometrical ideas of the earlier chapters are again 
extended. The Boug~er field is not only dependent upon the 
s·eparation of the foci of the individual magma chambers (as 
was suggested in Chapter 6) but also upon the level of erosion. 
The Bouguer Anomalies 
These are sbown on Plate 3 and follaw the same general 
pattern already observed over the other Tertiary Centres. 
The main features of the gravity field are a positive Bouguer 
anomaly of 40 .a mgals. centred over t·he northern edge of ·the 
. . 
Central Ring .Complex, together with a positive ridge trending 
NNE - SSW across the Northern Granite. The main anoma17 
appears to be elongated in a no.toth * south direction, though 
further gravity stations around both the Northern Granite and 
the central Complex would enable a more definite statement to 
be made. (As it is, many of the contours are shown as 
uncertain) • 
Over the .o~ntral Complex the gravity gradients are bigh, 
rising to a maximum of 5 mgals/mile, falling to o.5 - 2.0 
mgals/mile over the Northern Granite. 
Interpretation 
General 
Any.interpretation would be dif'f'icul.t without some 
knowledge of the gravity f'iel~ over the adjacent areas of' 
· Kintyre and Bute, and I am grateful to Dr. Bullerwell for 
giving me access to his unpublished maps of' these areas. 
The Bouguer .Anomaly profile (Fig. 21A) ·shows a 
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symmetrical positiv~:anomaly over the central Ring Complex 
f~attening off to the west, but to the east still falling 
towards the Firth. of Clyde at a rate of 5 mgals/mile. ·with 
the aid of Bullerwell 1 s map many ot the marginal features of 
the main Arran anomaly are seen to tit into the regional 
pattern. The 23 mgal anomalJ over the western edge is now 
seen as the continuation ot an area ot e. 20 mgal anomalies 
over the Dalradian mica schists of Kintyre. (The latter value 
is comparable with that obtained by Bullard (1936) and shown 
on Fig. 111. Similarly the steady tall in anomaly to the east 
now appears as the western margin of an area ot low (12 mgal) 
Bouguer anomalies associated with a basin ot Old and New Red 
Sandstone around the Firth ot C~yde. The total thickness of 
the Pe~o-Trias in this area probably exceeds 3000 feet 
(Tyrell, 1928). 
The positive ridge over the Northern granite could well 
be an extension of a NNE -·SSW striking .ridge ot positive 
anomalies along the line of the Highland Boundary Fault. 
The average value of the Bouguer Anomaly over the 
· Carboniferous lavas and Coal Measures of the Ayr Coalfield 
wo~ld appear·to be 20 mgals and compares with that found over 
the·Dalradian to the west. In the light of this evidence, 
Arran appears as an area of positive Bouguer anomalies, 
separated from the metamorphic basement to the west by an area 
of submerged Dalradian, ~d from the mainland to the east by 
an area ot low anomalies associated with a deep sedimentary 
trough along the line of the Firth of Clyde. 
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Assuming a background anomaly of 20 mgals leaves a 
positive anomaly of. 20.8 mgals over the Central Complex, and 
lO mgals over the Northern Granite 
The Central Ring Complex 
The comparative absence of basic material exposed at the 
surface, together with the smoothness of the gravity profile 
·suggests that the source of the anomaly lies· at a considerable 
depth. 
The maximum depth to the top of the anomalous mass can be 
. found by considering the maximum anomaly in conjunction with 
the maximum gradient. This result is independent of the 
density contrast and places the upper surface at a maximum 
depth of 3.6 miles. 
Qualitatively, the shape of the gravity profile over the 
Central Complex indicates a spherical origin, and if the 
anomaly is considered to arise from a sphere of density 
o.2 gms/cc., radius 17.1 kilo.ft., with a centre at -20.2 
kilo.ft., then the upper surface. of the sphere is within 
3100 feet of the surface. A theoretical model. with these 
parameters was computed and the resulting profile compared 
with the observed profil·e (Fig. 21C). over.·most of the 
profile the fit is reasonable, except on the flanks of the 
anomaly where the calculated curve is wider than the observed 
curve. This increasing disparity between the pro~iles is 
partly the result of an initial over simplification in the 
theoretical model, and partly the effect of the low Bouguer 
anQmalies ·as·sociated with the thickening of the Trias towards 
the Firth of Clyde. 
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Obviously, the sphere is an unlikeJ.y form geologicallJ for 
a magma ~hamber, though it could be considered as a first 
approximation to the more conventional cupola. Closer 
agreement betwee~ the profiles would probably be obtained 
by further approximating the· sphere to two circular discs as 
is shown on Fig. 210. Geometrically this for.m would also 
approximate to a vertical cylinder widening towards the 'base, 
or Anderson.• s inverted 1 flowerpot • •. 
An estimate of the minimum depth to the base can be 
obtained by representing. the anomalous mass as a vertical 
cylinder or density 0.2 gms/cc., with a radius greater than 
the 1half anomaly' radius of.the anomaly. If. the upper 
surface of the cylinder is assumed to be at -3000 feet, then . 
the lower surface is at -25000 feet. 
The density contrast of 0.2 gms/cc. is assumed to arise 
from the presence of a larse basaltic or ga'bbroic mass within 
the metasedimentary layer. Similar. assumptions were Jr!&tie in 
Skye and :Mull ( q.v.). 
The proposed theoretical model of a basic eupola 
extendins from -3000 to -25000 feet below· the Central Complex 
is still an over· simplification. Certainly, the cupola for.m 
is in reasonable accord with the observed profile over. the 
Complex,. but the Arran gravity field is definitely elongated 
in a N-S direction and the proposed model takes no account of' 
this, or of' the 10 mgal positive anomaly over the Northern 
Granite. 
The Northern Granite 
The granite has a maximum diameter of' 8 miles and is 
almost perfectly circular with an average radius of 3.5 miles. 
II 
From the regularity or form, it is inferred that the granite 
represents a deep seated subsidenoe oaldera whioh was 
subsequently enlarged by the flexuring and upheaval of the 
surrounding sohists and sandstones. Both the thiokness and 
the three~dimensional form or the mass have still to be 
eluoidated (Riohey, 1932). 
Peaoh and Horne (1930) regarded the granite as an 
isolated portion of the Grampian blook. The view originally 
expressed by Geikie (1873) that the granite was of Tertiary 
age is now universally aooepted. 
It is diffioult to dogmatise on the positive anomaly on 
account or the oomplioating effeot of the positive anomaly 
noted by Bullerwell along the line· or the Highland.Boundary 
Fault. This rises to a maximum of 23 mgals in Bute, bl;lt 
still leaves an appreciable positive anomaly - whatever its 
origin - beneath North Arran. 
Assuming for the moment that there was no positive 
anomaly over North Arran, and that· the direct density contrast 
between the Dalr&dian and the granite was o.l5 gms/oo., 
(Dalrad1an 2.75 gms/cc., granite 2.60 gms/oo.), it is obvious 
from the table below that any appreo1able thiokness or· granite 
within the oauldron subsidenoe would introduce a considerable 
negative anomaly_with respect to th,e 20 mgal background 
anomaly over the Dalradian. 
Table showing variation in Bouguer anomaly 
with incr~asing thickness of granite 
Thickness (ft.) Anomaly in als -
Constant radius of 
18200 feet 
p • density contrast 
Since there is no evidence of a negative anomaly· with respect 
to the background (in fact the strong positive is maintained 
over- the granite as can be seen by referring to Plate 3) it 
can only.be concluded that the granite is either 1) thick and 
underlain by an enormous basic mass, or 2) that the granite is 
thin and underlain by_ a amaller basic mass at no great depth. 
In either case, the Northern Granite would appear to b~ 
underlain by a considerable :basic mass, and the space form of 
the granite is probably sheet-like rather than batholithic. 
Such a sheet form for the granite would be in agreement with 
.the usual· space form of ~he Tertiary granites found elsewhere, 
though the North Arran granite is unique in the manner of its 
intrusion. 
· A gravity traverse running north - south, across both 
the Central Complex and the granite, would probably enable us 
to make a more definite estimate of the thickness of the 
granite and of the elongation of the underlying magma chamber. 
Conclusions 
These can but emphasise the partial and incompletenature 
ot the interpretation. The profile across the Central Ring 
Complex is consistent with the complex being underlain by a 
spherical or cupola shaped magma chamber at a depth of some 
3000 feet. To confo~m with the interpretations advocated for 
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the other Tertiary centres, it is suggested that the cupola 
can be more accurately represented by two cylindrical discs, 
but still at depth, since this appears to be required by both 
the smoothness of the profile and the numerical characteristics 
of the anomaly. 
This leads to the idea that if the upper surface of the 
cupola were exposed by erosion - as is the case in 
Ardnamurchan - the gravity field would then confor.m to that of 
a vertical cylinder widening towards the base. 
The gravity field over the Northern Granite is complex, 
though undoubtedly positive. A sheet~like space for.m is 
tentatively suggested. 
VATERNISH ASCRIB I SLANDS 
. 1 
Mgals. 
15 
10 
---
---
---
---
-----
0 2 4 6 
LOCH SNIZORT TROTTERNI SH 
•• 0 • • •••• 
---
--
10 12 
·._··.·.: · . 
14 16 
D L AVAS 
~ OXFOR D I. K IHHERI D G£ CLA Y 
D GJ'? E:.AT ESTUARI N E SERI ES 
Chapter IX 
OTHER ANOMALIES IN SKYE AND MULL 
Trotternish 
Introduction 
This region is made up of ~ series of Tertiary basalt lavas 
resting unconformably on sediments of Jurassic age. The lavas 
have a westerly dip of 10 to 16 degrees and are intersected by a 
series of N.W. - S.E. faults downthrowing to the east. This 
.faulting ensures that the base of the lava series is at no great 
depth below sea level. Isolated exposures of Jurassic are found 
along the western coast and a boring at Loch Harport encountered 
sandstone at -18 feet O.D. 
The Bouguer Anomalies and their int~rpretation 
--·---------·-·-·-··--·--
The most striking feature of this area is the area of low 
Bouguer anomalies in the Loch Snizort area. The average value 
over Trotternish is 15 rnilligals rising to 19 milligals in the 
extreme north, and falling to 6 milligals along the eastern 
edge of Loch Snizort (see Fig. 22). 
Recent workers on North Skye have suggested that the basalt 
.lavas may be underlain by yet another volcanic centre (private 
communication). The gravity field gives no indication of any 
such centre, unless the vent is too small,to produce a 
detectable anomaly. Similarly there is no eYidence of any dyke 
type fissures such as have been confinned by gravity measurements 
over the Deccan traps of India (Glennie 1951). 
_The increase in anomaly to the north may indicate either 
another· centre now submerged, or a return to the average background 
.. ~ I ' 
anomaly of 20 milligal~. The latter explanation is the more 
likely, values of 20 milligals being recorded near the 
Lewisian basement of Rona. 
Over the Loch Snizort area, the isogals have an 
elliptical fonn with the major axis trending N.W. - S.E. This 
direction corresponds with the trend of the major faults and 
also to the regional dyke swar.m. A possible explanation of 
the anomaly is that it is caused by a basin containing· 
relatively light Jurassic and Triassic sediments. Basins of 
this type are found in areas of Jurassic sedimentation and are 
commonly formed along lines of crustal weakness. The gradients 
over the eastern edge are steep (3 mgals/mile) which suggests a 
faulted margin. 
Little is known, geologically, about the Jurassic under 
Trotternish. It receives mention in Lee and Pringle (1932) ~nd 
an account of the structure is given by Macgregor (1933). 
Macgregor.describes the structure as a syncline pitching 
to the S.S.W. w·ith its axis trending N.N.E. s.s.w. 
Unfortunately the Survey maps of the area are still unpublish~d; 
there is, however, a possibility that not only the lavas, but 
also the Jurassic succession may be continually repeated by 
.. \ 
block faulting. 
The two dimensional step formula fixes a maximum limit to 
the depth of the basin at one mile. Assuming that the anomaly 
is caused by an infinite slab of density contrast 0.2 gms/cc, 
the thickness of sediment must be greater than 3600 feet. This 
is considerably greater than the total thickness of Jurassic; 
the maximum observed being 2250 feet in Raasay. A similar 
Fig.23. 
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thickness is seen in North-East Skye and there is no evidence 
of either thinning or thickening . 
. Discounting then the idea that the anomaly has been 
produced by a thickening of the Jurassic, there are two main 
possibilities: 
a) That block faulting has preserved some 2000 feet of 
Cretaceous and.Tertiary sediments in a graben-like 
structure under the Tertiary basalts. 
b) That the Jurassic is underlain by a considerable 
thickness of Trias. 
The former alternative is unlikely· for although the 
Cretaceous is believed to have originally covered a wide area, 
the maximum thickness found in the Hebrides is less than 200 
feet. In any case the exposures below the basalts in the Loch 
Snizort area are alm:ro)at invariably of the Great Oolite. 
Triassic rocks outcrop to the east of Trotternish and 
vary in thickness from 1000 feet at Gruinard bay on the 
mainland to 500 feet in Raasay, thinning to a few feet at 
Lussay in Skye (Judd 1878). If the Jurassic thickness' of 
approximately 2000 feet is maintained under Trotternish, the 
anomaly could be caused by a wedge of Trias 2400 feet thick, 
terminated by a near vertical normal fault along the eastern 
margin. The close agreement between the profile given by this 
theoretical model and the observed profile is shown on Fig •. 24. 
A fault of small throw is exposed at the surface along the 
the line of the postulated fault and it is tempting to regard 
this as evidence of further movement along a pre-existing line 
of weakness (see Fig. 22) • 
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Large faults are not unknown in.Skye .... a fault of 
considerable throw must traverse the Sound of Raasay if the 
rapid westerly dip of the Great Estuarine Series and its 
reaPPearance·in Skye is to be eX»lained. Faults of comparable 
magnitude are found on the mainland to the east. 
Concerning the Triassic rocks of Applecross, Judd (1878, 
p.689) wrote: 
. 'They (the Triassic rocks) owe their position and 
preservation to the action of grand faults of certainly 
vast but indeterminable amount of throw.' 
There, over 1000 feet of Trias are preserved in a faulted 
trough and a similar action may well be responsible for the 
postulated Trias beneath North Skye. 
A series of gravity 'lows' ·over the Antrim lava plateau 
of Northern Ireland were interpreted by Cook and Murphy (1952) 
as troughs of light Triassic sediments in a dense palaeozoic 
basement. An abnormal thickness of both Trias and basalt was 
subsequently proved beneath Lough Neagh by the Geological 
Survey borehole at Langford Lodge (Summary of Progress 1957). 
The Langford Lodge succession was as follows: 
Basalt 
Cretaceous and Jurassic 
2590 feet 
120 feet 
2060 feet Trias 
Carboniferous base not seen. 
While providing some support for the concept of Triassic 
troughs beneath the lava plateaux, it also suggests certain 
reservations: 
1. The base of the basalts beneath North Skye may not 
be at sea-level, as Harker supposed, and any 
increase in the thickness of basalt would greatly 
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increase the calculated thickness of the underlying 
Mesozoics. 
2. Similarly, the thickness of Jurassic used in the 
theoretical model may be in error. 
3. And finally, the assumed density contrast Trias/basement 
may be' too high. 
Of the three, the latter is thought the least likely and its 
effect can easily be calculated. Throughout the 
interpretation a density _contrast of 0.3 gms/cc has been 
assumed between the Trias and the basement. Any increase in 
the density contrast - consequent upon the assumption of a 
lower density for the Trias -would reduce the dip of the 
fault and also reduce the thickness of the Trias. 
The Peninsula of Bleat 
Introduction 
The Peninsula of Bleat was geologically surveyed by 
Clough in 1907 and more recently by Bailey {1939 and 1945) 
·and Kennedy {1954). It consists mainly of non-metamorphosed 
Torridonian rocks which have been overridden along their 
eastern boundary by the crystalline Moine Nappe of the 
Glenelg Morar tectonic zone. Later the Torridonian was 
itself moved for 9i miles along the Kishorn thrust against 
the underlying Cambrian sediments of.the Foreland Border 
complex. 
The essential structure then is a great recumbent 
syncline of Cambrian and Torridonian rocks, closing to the 
south-east, which was later intersected and disrupteq by 
clean cut thrusting.· 
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Compared with the considerable attention which has been 
paid to the geology of the area, previous geophysical int~rest has 
been alight; fozmer work being confined to a solitary pendulum 
observation at Kyleakin {Bullard 1936). Bullard's value 
(981.69700 cms.sec.-2) was found to agree closely with.that 
recorded during the survey of 1955 (981.69819 ams.sec.-2 ). 
~he Bouguer Anomalies and ~heir interpretation 
The Bouguer Anomaly Map {Plate 1) shows that the isogals 
over Sleat are closely parallel to the main tectonic lines and 
also to the strike of the country rocks. There are, however, 
marked differences between the northern and sm1thern halves of 
the area. 
In southern Bleat the anomaly changes from 12 milligals 
in the south-east to 25 mgals at Ord, the average gTadient 
being 4 mgala/mile. A marked change in gradient occurs over 
the Moine Thrust; the gradients over the Lewisian to the east 
being much lower, and are generally less than 1 mgal/mile 
(Figs. 25 and 26). This low gradient persists over a wide area, 
the anomaly having only fallen to 4.3 mgals on the mainland 
9 miles to the south (Bullerwell unpublished). The absence of 
any marked variation in anomaly over the Lewisian suggests 
that the interpretation of the anomaly to the North can be made 
in ter.ms of the overlying Torridonian. 
The comparative profiles {Fig. 27) show a large decrease 
in anomaly to the east in North Bleat, the anomaly falling to · 
-5 mgals. This immediately suggests a qualitative correlation 
with the great thickness of sediments above the Kishorn thrust, 
variously estimated at 12000-13000 feet {Bailey, 1955; 
Mgals. 
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Kennedy, 1954). 
If we assume the anomaly over the Lewisian to the South to 
be the normal background value in the area, there is a residual 
anomaly of 17 milligals in the North which requires explanation. 
The depth to the base of the mass responsible for the anomaly 
can be estimated by using the formula: 
Depth = max anomaly in rngals. / TT x max. gradient in rngals. 
A depth of two miles obtained by applying this formula is a 
maximum limit. This approximates closely to the expected 
thickness of Torridonian and rules out an alternative 
explanation that the anomaly could be caused by a ~eculiarity 
in the bulk density of the basement. It was suspected earlier 
·that the anomaly might be produced by a reduction in the bulk 
density of the Lewisian by migmatitic injection of Scourian 
age (Ramsey 1957). 
Considering the Torridonian to be in the fo~ of an 
infinite sheet of thickness 9000 feet, and density contrast 
0.15 gms/cc will again give an anomaly of 17 mgals. This is a 
minimum estimate of the thickness since the Torridonian is in 
the form of a wedge rather than an infinite sheet (vide infra). 
Since the rate of increase of gravity over a contact is a 
measure of the dip of the contact - providing the density 
contrast is known - an estimate of the dip of the Kishorn 
thrust can be made by using the approximate relation: 
Ag = 7r€r~ ..,;, fl/ 
where Ag = difference between the observed gradients 
i = angle of dip 
p = density contrast 
G = gravity constant 
This gives an angle of thrust of 20 degre~s. If the Kishorn 
thrust were continued to the east at this constant angle, it 
would lie at a depth of 13000 feet below Kylerhea, prior to 
being terminated against the Moine Thrust. Whilst this ag~in 
confinms the expected disposition of the Torridonian above the 
thrust, it must be remembered that the angle is dependent upon 
the density contrast and this may not necessarily. be 0.15 gms/cc 
at depth. 
Oonclus~ 
The low and occasionally negative Bouguer anomalies found 
over Kylerhea are interpreted in terms of a wedge of 
Torridonian with a maximum thickness of some 13000 feet. 
Geologically this corresponds with the great thickness of 
Torridonian which has long been assumed to lie above the Kishorn 
Thrust. 
.:v . 
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Ross of Mull ~ranite 
Introduction 
As part ot the general gravity survey of Mull, a single 
traverse was made across the Ross of Mull granite. The granite 
of presumed Caledonian age - covers ·an area of some 20 square 
miles and is bounded to the west by the Sound of Iona and to the 
east by an injected series of Moine schists. Submerged 
extensions of the granite to the south and west are shown by the 
granitic Torran rocks and by.small granite islets near Iona. If 
we include the submerged portions, the total area of the granite 
is probably nearer 70 square miles. 
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The ~ouguer Anomalies 
A prominent feature of the Bouguer Anomaly Map on Plate 2 
is an area of low Bouguer anomalies along the western coast of 
Mull. The anomaly appears to close over the Ross of Mull, a 
min~um value of 9.2 mgals.being recorded over the Moine schist 
slightly to the east of the main granite mass. To the west, 
the Bouguer anomaly increases to 20 milligals towards the 
Lewisian of Iona and the Moine Thrust. To the east the values 
are remarkably constant and depart very little from an average 
value of 10 mgals. A maximum horizontal gradient of 
5 mgals/mile was recorded over the granite. 
Interpretation 
The gravity profile Fig. 2~ is unlike those nonnally 
associated with British granites - see Bott, 1956 - and 
implies a different ~ace fo~. 
Geological opinion as to the fonn of the intrusion differs 
and there is little evidence on which to form any definite 
conclusions. Bosworth (1910) favoured a deep seated abyssal 
mass over which the Moine ·extended as a roof. On the other 
hand, Cunningham.- Craig (Summary of Progress, 1907), thought 
I 
that the granite was a thin sheet with a floor of Moine schist. 
The numerous rafts and inclusions of Moine within the granite 
are alternatively fragments of the roof, or exposed parts of an 
irregular floor. 
In the interpretation, four possible forms for the granite 
are considered and their gravity fields compared with that 
observed. These possibilities are shown on Fig. 29. Models 1 
and 2 represent Bosworth's and Cunningham-Craig's viewpoint, 
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whereas 3 and 4 are new. 
Model 1. 
Bosworth (1910) makes no suggestions as to the westerly 
extension of the grani tea towards the· Moine Thrust. Certainly 
the principal density contrast is not at the Moine-granite 
. junction, as is shown by the lack of change in horizontal 
gradient over the boundary, and by the fact that the lowest 
value of the Bouguer anomaly is found over the Moine Schist 
and not the granite. 
Model 2. 
Cunningham-Craig's model again gives. no indication. of the 
fate of the granite to the west •. S~rice the inclusions of 
Moine within the granite are .only ~·lightly denser than the 
granite (Bosworth, op. cit.) the whole mass of the granite 
and the Moine could behave as a single low density mass 
against the Lewisian basement. The density contrast would 
then arise from the juxtaposition of Lewisian and Moine. Even 
so, the density interface Lewisian/Moine-granite must be 
inclined at a low angle to the east in order to be consistent 
with the observed field. 
Model 3 
The geological ideas of Model 2 lead naturally to the 
physical Model 3 in which a wedge. o:f' lighter rock is assumed 
to be underlain by a denser basement. · After a number of 
. 
attempts a model with the following characteristics was found 
to give the best agreement with the observed profile. 
i 
li 
i. 
I 
i 
Fig.29. 
ROSS OF MULL . GRANITE. 
w E 
...... MQINE THRUST 
., 
......... 
w E 
- O·~· gmsicc .. 
w E 
>>-...... + + + + .+ .E ·+' ·.:-- ) . s· 
/. _,/"' + + + -1- + .· . 1- + . + ? . 
/ / .......... ?.~ ....... ~---~------~--~~------~------­
.,. 
IZ1 LEW! SIAN 
~- .MOINE 
·, 
E!J GRANITE 
HODEL l 
HODEL 2 ,, 
·, 
HOQEL 3 
HODC:L ~ 
' 
.. ----
i 
., 
r 
~ 
1 
l 
1 
j 
l 
·' 
Angle of wedge 
Thickness of wedge 
Density contrast 
30 degrees 
11000 feet 
0.1 gms/cc 
The calculated and the observed profiles are compared on 
Fig. 28. Obviously any change in the density contrast would 
alter the parameters, but the general wedge for.m would remain 
unchanged. 
Model 4. 
Model 3· assumes that the Moine and the granite have the 
same density, which is probably unreasonable. Model·4 
surmounts this problem by postulating an easterly extension 
of the granite beneath a thin cover of Moine. This would 
satisfy both the observed regularity of the gravity profile 
to the east, and also Bott's Density Law which states that 
the granite is always less dense than the surrounding country 
r~ck. The model also supports the contention that the Ross 
of Mull granite is ·associated with the Morvern-Strontian 
injection complex (Phemister, 1948). 
The foregoing discussion has been a statement of 
possibilities and no attempt has been made to favour any one 
model. There would, however, appear to be little doubt that 
the Granite/Lewisian interface is inclined at a low angle, 
and that this density interface corresponds with the presumed 
position of the Moine Thrust (Jehu (1922) was not convinced 
that the Moine Thrust passed between Mull and Iona and thought 
that it probably lay farther west). The eastern limit of the 
granite is more speculative, but Model 4 is not unreasonable. 
Whilst the western limit of the granite is defined by 
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the Moine Thrust, the granite itself is post-thrust as is 
shown by apophyses of granite found on Iona, and by the fact 
that the Torridonian of Iona is metamorphosed by the granite 
(Jehu, 1922). If Model 4 is in any way an approach to the 
truth, it does suggest that the Moine Thrust controlled the 
movement of the granitic magma and prevented any further 
extension to the west. Structural control of this type is 
well. known in mineralised areas. 
Conclusions 
From the evidence available, the Ross of Mull granite 
appears. as a wedge shaped mass terminating to the west 
against the Moine Thrust. The eastern l~it of the granite 
is more difficult to define, but the gravity field suggests 
that it underlies the Moine Schist for a considerable 
distance. This space form is quite unlike that normally 
associated with either post and syn-tectonic granites 
(Bott, 1956), or the typical Tertiary granite (Cook and 
Murphy, 1952)~ A more detailed interpretation would require 
more gravity measurements, and an accurate determination of 
the bulk densities of the formations involved. 
Chapter x. 
CONCLUSIONS: SOME IMPLICATIONS OF THE ANOMALIES 
The Geophysical Evidence 
Introduction 
An attempt is now made to summarize the conclusions of 
the earlier.chapters, and to suggest a solution to the 
space problem and the concomitant problem of the or-igin of 
the magmas and the centres themselves. Much of the latter 
must of necessity be speculative since the argument rapidly 
passes from the field in which the:-,gravity evidence is of 
any direct help. 
The geological and structural similarities between the 
centres have already been set out in some detail elsewhere 
(Richey, 1932, 1948) and it would be tedious to repeat them 
here • The regional tectonic set_ting is fairly simple. A 
north-f!outh monocline or geanticline was initiated in late 
=.· ... i;. ';. :.:.ii·: ... ,: ·. . 
Mesozoic ·times-':·-and continued into the Tertiary. Associated 
with this was- a large N-S sUnken trough containing Mesozoic 
sediments and presUmably indicating a zone of crustal 
we~kness. This is the so called Mine~ Graben (Holtedahl, 
1952) and is a tectonic t.eature accompanying the Continental 
- -· 
slope. Whether the deep- water trenches shown on the 
bathymetric map of the area (cf. Steers, 1952) represent old 
sub-aerially eroded rift fault. -lines is uncertain. The great 
centres ~f igneous activity lie in the region of the Minch 
and are localised at or near the intersection of major faults 
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and thrusts .and the mai~ N- S zone of weakness. ·Thus the 
Skye, Rhum and Al'dnamurchan centres are close to the Moine 
Thrust (Skre is also on the line of the Strathcarron fault); 
Mull is astride the Great Glen Fault; and Arran, the Highland 
Boundary Fault. Evidence from the dyke swarms of Mull and 
Arran indicate a crustal stretching of between 4~ and 7%, and 
s.uggests that during the Tertiary the area formed part of a 
•region of tension' (Evans, 1924). The focussing of the dyke 
swarms on the indivi·dual centres has been likened by Bailey to 
the tearing of a sheet of paper through the perforations, the 
centres representing boles occupied by magma under excess 
bydrostatic pressure. 
The Bouguer anomalies summarised 
The annexed table shows the numerical details of the 
gravity field s over the Tertiary ·Plut~_nic Centres. 
The Gravity Anomalies over the Tertiary Centres 
Maximum Maximum Maximum Average Proposed Bouguer Anomaly gradient gradient space form Anomaly 
73.4 I 53 •. 4 l3mgls/ .5.5-6.51 Vertical I Skye I i 
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The structual similarities between the centres, already 
noted by Richey, were found to be reflected in the gravity 
field and certain general statements can be made •. 
1. The Tertiary Centres are characterised by high 
positive Bouguer anomalies. 
· 2. The maximum anomaly used in conjunction with the 
maJd,mum gradient suggests a near surface origin tor 
the anomalous masses, and the most. likely cause of' 
the anomaly is a direct density contrast between an 
intra-crustal basaltic chamber and the surrounding 
metasedimentary and granitic layers. 
3. The magnitude of' the anomalies indicates that the 
masses are subjacent rather than laccolithic, and 
that in Skye and Mull the magma chwmbers probably 
extend d~wnwards into.the In~er.mediate layer. 
4. In all cases the associated granites are thin, being· 
generally le·ss than a mile in thickness, and this 
emphasizes the difference in space form between the 
Tertiary granites and the post tectonic granites.of' 
Bott ( 1956). 
5. The essential symmet.ry o_f' the gravity f'ields over· the 
centres implies· a symmetrical origin and the 
interpretation was based on the use of' basic vertical 
cylinders and superimposed discs. 
6. The volume of' the proposed cylinders, coupled with the 
total mass surplus points to the existence of' a new 
•basaltic space problem'. 
These conclusions are similar to those already reached in 
Chapter 1 after a study of the gravity field over some active 
and recently extinct volcanoes. Too much stress cannot be 
place~ on these parallels owing to the suspicion of a 
subjective factor entering into the selection of the original 
evidence. We cannot then assert definitely that the Tertiary 
Centres were originally Central type volcanoes. Yet a 
positive anomaly is associated with the South East Caldera of 
Mull, which Bailey ( 1924) conclusively demonstrated .. :was a 
basaltic central type volcano·during the Tertiary. The almost 
identical field over the Cuillin gabbro suggests that this too 
was at· one time a basaltic ~olcano, though now eroded to a much 
deeper structural level. Similar parallels could be drawn 
between the anomaly over the Central Ring Complex of Arran and 
its volcaniu caldera, and the deeply dissected Tertiary Centre 
of Ardnamurchan. 
This additional suppc:>rt for the ·widely held V1iew that the· 
Tertiary centres are the basal wrecks of great central 
volcanoes does little to resolve the classic dispute between 
Geikie and Judd as to whether the plate·au basalts were erupted 
from fissures (as in Iceland) or volcanoes (as in Hawaii) • 
. Certainly, there is no evidence of any major fissures - or at 
least not in the area surveyed. In the 'Dec~an, Glennie (1951) 
found Bouguer anomalies ranging from -18 to +63 mgals. which 
he explained in terms of a rectangular fissure 5 Kms. wide 
extending into t;he Intermediate layer at a depth of_:!-0 Kms~ 
This he thought was probably the main source of the tholeiitic 
I 
! 
I. 
basalts of the Deccan. 
The evidence from the Deccan does not exclude fissures 
from the_ Tertiary Volcanic District_s. There are for instance 
no major positive anomalies associated:\with the Icelandic 
fissures, yet-it was these fissures which inspired Geikie to 
advocate a fissurenorigin for all the plateau basalts of the 
Thulean Province. In Iceland, as in Scotland, the main 
positive anomalies are associated with cauldron and ring dyke 
subsidences (Einarsson, 1954). 
Glennie (op. cit.) favours a connection between the 
surface fissure and the Intermediate layer of' seismology 
and suoh a connection is generally assumed in areas of' plateau 
basalts, since·only a uniform earth layer seems capable of' 
senerating such an enormous bulk of' essentially undifferentiated 
basaltic magma of' uniform ~hemical composition. 
·Fr.om the Bouguer Anomalies over. the Tertiary Centres, it 
was deduced that the masses of' dense ~ and presumably basic rock -
beneath the plutonic complexes extended downwards. into the 
Intermediate layer. At that time no further explanation was 
attempted, but since some ambiguity attaches to the so called 
Intermediate layer, a det~nition is included here. 
The Intermediate Layer 
The concept of' a layered crust above the Mohorovicic 
' . 
discontinuity was originally introduced to facilitate the 
mathematics of' seismology. Jeffries, in his 1926 analysis of' 
Love waves concluded that there were two crustal layers - an 
upper granitic layer and a lower basaltic layer~ ... 
. 
Almost all investigators require an increase in velocity 
with depth, but as reflections from the top of the 
Intermediate layer are difficult to obtain, they incline to 
the view that the transitions are continuous and not 
discontinuous, though the transitions may only occupy a small 
fraction of either layer. Such an increase in velocity could 
be produced by an increase in the proportion of basic to acid 
material at·depth, thus giving rise to the intermediate or 
basaltic layer of the ~etrologist. The fact that the velocities 
found in the layer immediately below the oceans are the same as 
those assigned to the continental layer, does suggest that the 
latter may exist as a separate layer. 
An account of the continental structures deduced from the 
study of earthquakes and artificial explosions from 1927 
onwards was given by Byerly (1956). While the majority of 
, 
authors recognise the existence of an inte~ediate velocity 
layer, few commit themselves to identifying it with a layer of 
intermediate chemistry. Certainly there is no proof of 
petrographically definite granitic and basaltic layers. 
The following range of velocities and average thi~knesses 
have been obtained tro.m Byerly's account:-
Granitic layer 
Generalised Continental Column 
Thickness 
in Kms. 
17 
Vp in 
Kms.fsec. 
5.2 - 6.22 
The Conrad Discontinuity 
Inte~ediate layer 20 6.0 - 7.4 
The Mohorovicic Discontinuity 
The Mantle c. 8 .o 
Density. in 
. @}11S .; co. . 
2.7 - 2.9 
2.9 -
/ 
. / 
// 
/ 
./; 
/ l 
./" 
The Oonrad discontinuity which is taken as the base of 
the granitic layer shows. great variations in depth (from 
4 -· 18 roms. in Germany) and cannot always be detected• Despite 
this, Byerly is of. the opinion that the Intel'IrBdiate layer has 
. . 
a separate entity under.-the continents - an entity which 
justities the title of layer rather than being thought of as a 
gradual change from the material above it. On the other hand, 
Stone ley ( 1948) finds a value of -6 .a .± 9 .4 Kms. · for the 
thickness of the Intermediate layer of Eurasia, thus implying 
that tbe thickness of this layer is not significantly different 
from zerot It appears then that the lower crust is essentially 
heterogen:eo_us, changine; 1n ·composition not only vertically but 
also horizontally. 
The ubiquitous occurrence of basalt has for long been 
· . thought to justif'y' the equation C?f the Inte~ediate layer of 
seiamology with a world.enci~cling layer of basalt.· Kennedy 
(1938) on petrological grounds still further subdivided the 
sub-continental Intermediate layer into a tholeiitic layer 
overlying one of olivine basalt. Unfortunately, there are few 
areas where such a sub-division can be sustained on the 
seismological evidence. 
. ·In the interpretation of the main positive anomaly over 
the Tertiary Oentres, the basic vertical cylinder of the 
theoretical model was assumed to extend downwards into the 
Intermediate layer. There the only significance attache~ to 
the layer was that at this depth the· density contrast between 
the theoretical model and its· surroundings vanishes and any 
further extension of the cylinder impossible to detect. It 
does not imply that the basalt originated within the 
Inter.mediate layer, and it is conceivable that the true base 
of the centres lies well below the Mohorovicic discontinuity. 
. The probable space form of the magma· chambers 
Anderson's mathematical argument of·l936 and such other 
geological and structural.evidence as is available, ~avours 
a cupola shaped magma chamber beneath the Tertiary Centres. 
The actual for.m is probably more akin to that of an 
'inverted flower pot' (sic Anderson)• It would be impossible 
to produce a theoretical model which could exactly reproduce 
all the characteristics of the observed gravity field, but in 
three of the Centre·s reasonable agreement has been obtained 
by the use of vertical cylinders. In all three forms have 
been proposed: the vertical cylinder for Ardnamurchan, Mull, 
and Skye; the horizontal cyl~der for the Irish Centres; and 
the sphere, or two superimposed discs, for Arran. · 
Ard.namurchan is the· simplest case: the three magma 
c~ambers reveal~d by the surface geology being sufficdently 
close together to behave gravimetrically as a single basic 
vertical cylinder. Skye and Mull introduce a dual complication, 
for although the individual magma chambers can again be 
regarded as acting as a single cylinde~, the gravity field is 
complicated by the effect of the near surface acid intrusives, 
and there is evidence from the gravity residuals that the 
proposed cylinders widen towards the base. 
The Irish centres are sufficiently far apart for· the 
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individual magma chambers to behave as a single line mass, 
or a horizontal cylinder, though a more detailed gravity 
survey might permit further resolution into a number of 
vertical cylinders. This is, however,-only a speculation. 
Arran appears to be the exception, but the proposed 
sphere-- which is a close approximation to ·the classic 
paraboidal magma chamber - would probably be more accurately 
represented as two cylindrical discs, or a ~ertical cylinder 
widening towards the base. 
The Bouguer gravity field over the Centres would appear 
then to depend on three things: 
1. The presence or absence of acid intrusives. 
2. The separation of the foci of the individual 
magma chambers. 
3. The level of erosion - since this controls 
the depth of the magma chamber beneath 
the present surface. 
The mass surplus 
The magnitude of th~ mass producing a gravity anomaly 
can be estimated by applying the classical Gauss Theorem of 
mathematical physics. This may be written as: 
ft7 ,.. 2;6-jj ~- 45. 
, where g is the gravity anomaly, and M the causative 
anomalous mass. If the anomalous mass bas a density p 
enclosed in a body of density p~ then the total mass is given 
by: -~ 
, e '·1/..t:fy,Pi.S. p- t' . p 
These methods have previously been applied by Hammer (1945) 
and more recently by Bott (1958). The following results were 
obtained in Skye and Mull:-
Area Assumed background :Mass surplus (lol7) gms. 
Skye 20 mgals. 3.3 
Mull 20 mgals. 2.9 
Both these figures are l~kely to be an underestimate owing to 
errors in the true background field, and the difficultie·s in 
dete~ining the true horizontal extent of' the anomaly. The 
determination of the total mass requires assumptions as to 
the densities involved and this introduces another possible 
factor of error. The determination of' the ~nomalous mass by 
the Gauss Theorem is not dependent on any such assumption and 
is therefore free from this uncertainty. 
Space Problem 
·The mass surplus, coupled with the volume of' basalt 
involved in the assumption of' a vertical cylinder of radius 
. tive miles with a thickness equal to that of' the granitic 
layer, points to the existence of' a new basaltic space problem. 
This had already been hinted at in the Skye and Mull chapters. 
The problem is analogous to the granitic space problem, but 
mqre difficult at first sight in that a conventional 
hydrostatic mechanism seems impossible, the basalt-gabbro 
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column being appreciably denser than the surrounding 
granitic and metasedimentary layers. 
The problem posed by the Bouguer Anomalies must.be 
answered by the geologist and six possible solutions are 
considered below. 
(i} Harker's solution 
Of the proposed solutions, the laccolithic form 
postulated by Harker is now unacceptable geologically and 
this is confir.med by the Bouguer anomalies, in that the 
underlying magma chambers are subjacent and possibly 
extend into the Intermediate layer. In both Skye and Mull, 
the total mass surplus - 3.0 x 1017 gms. and the assumed 
theoretical models, require that some 850 cubic miles of 
normal crust have been replaced by a dense, and presumably, 
basaltic mass. 
(ii} Transformation 
·Harker's alternative to the laccolith- replacement 
or transfor.mation - bas been applied by Black, Reynolds, 
King and others. to e·xplain the petrographic characters of 
many of the Tertiary basalts and granopbyres. Whilst it 
is conceivable that the high temperatures associated with 
the main basic pluton qould have a considerable 
metamorphic effect upon the earlier products of vulcanism, 
metamorphism can have little relevance to the main 
problem - the apparent replacement of both metamorphic rocks 
and granite by basalt. 
/47 
(iii) Refusion 
Holmes (193~) put forward an alternative·aolution to 
the space problem: 'If the granitic material (of the.crust) 
was not fused we are at a loss to account for its apparent 
disappearance'. Fusion of the granitic crust is one 
solution to the problem though it must result in 
contamination of the original magma. 
( i v-~) Marginal folding 
Most of the movement in the Tertiary Centres would 
appear to have been vertical rather th~ horizontal, and 
there is little evidence in either Skye or Mull of large 
scale marginal folding. Slight folding is developed in the 
Jurassic of Strathaird south of the Cuillin centre, but there 
is none in Glen Brittle to the north. Concentric folds are 
found around the Mull centres, the minor folds being 
oocasionally.overturned as in the Loch Spelve anticline. 
Bailey (1924), however, regards these· folds as a local 
phenomenon related to the intrusion of the Glas Bheinn and 
Derrynaculen granophyres; whilst Van Bemmelen (1937) thinks 
their explanation lies in gravitative sliding~ In neither 
case is there any suggestion that the folds are sufficient 
to accommodate ~he main basic mass. 
(v) Ejection of the· sialic crust 
Wager and Deer (1938) resolved the Skaergaard space 
problem by suggesting that the surplus granitic crust had 
been removed by way" of a central type v:olcano. 11 It seems to us 
that. the most reasonable hypothesis to account for the removal 
of this mass of rock is that the initial explosion which 
produced. the cone fracture shattered the crustal rooks and 
I 
expelled the greater part so that they were dissemin~ted over 
a wide area. 11 
The volume of the Skaergaard mass is considerably less 
than that of either Skye or Mull, this being a direct 
consequence of ~he space for.m - the Skaergaard mass tapering 
downwards.: Even assuming that the Tertiary Centres. were 
originally central type volcanoes, there is still no evidence 
of 850 cubic miles of granitic crust disseminated around 
either the Skye or the Mull centres, and it s~ems unl~kely''' 
that even the not inconsiderable post Tertiary erosion could 
remove all traces of so vast an outpouring. 
· (vi) Stoping 
Piece meal ~toping - or at a higber crustal level -
explosive brecciation, may be factors ~n the provision of. 
room for ring dyke intrusions. A oen1:,ral .. block bounded by 
outwardly dipping ring faults is free to subside into the 
underlying magma, providing the .subsiding block is denGer 
than the surrounding magma. Where the magma is acid - as in 
the Mournes and Glen Ooe - no difficulty arises. On the 
other hand, subsidence into a gabbroic magma seems impossible. 
The evidence of the gravity survey is of a positive density 
contrast between '~:;he poif.tulated vertical cylinder and the 
lighter granitic crust. Initially, this appears fatal to any 
stoping mechanism,.but the space· problem is concerned with 
the basa~t at the time of intrusion, and in particular, with 
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its density at that· ttme. 
By analogy with present day volcanoes, we can "I•eas·onably 
assume that the basalt w~s initially l·iquid and satura'!ied 
with water and other volatiles. That fluxes were plentiful 
du~ing the Tertiary is evidenced by the pegmatites in the 
Great Eucrite of Ardnamurchan. Similarly, that the. ma.gmas 
f'orming the quartz gabbros with· their well marked acid 
mesostasis bad a high water content also seams likely. 
The densities of molten basalt have been·inves~igated 
experimentally and some results for diabase are given below 
(vide Daly, 1944) • 
Densities of Diabase 
Crystalline density ' density Melt density f, clecrease Glass 
at 20°0 at 20°0 at 1250 0 in density 
2,975 2 .763· 2.59 12.9 
2.969 2.780 2.64 11.1 
From these results it appears that at atmospheric pressure 
the density of a basaltic or near basaltic magma when 
completely molten is some 12~ lower than that of the same 
rock when completely crystallised without voids at 20 degrees 
Centigrade. The percentage change would be even higher in 
the case of a more salic lava. A similar table for · 
gabbro-diorite was given by Day, Sosman, and Hostetter (-1914) 
and quoted by Daly (1933). 
I ( I •( .!• 
Densities of Gabb~o-Diorite in sms/cc. 
Crystalline densities Equivalent glass 
........ 
20° 
·,. 
9()p0 1100° 20° 1100° 1200° 
,. 
2.80 2.74 2.73· 2.63 2.53 2.52 
3.10 3.03 3.01 2.91 2.80 2.79 
2.90 2.84 2.82 2.73 2.63 2.63 
3.oo 2.94 2.92 2.82 2.71 2.70 
In the-interpreta~ion of the gravity field over the 
Mihara volcano in ·Japan, the authors (Iida et al., 1952) 
assume,d a density of 2.0 gms/cc. for the molten basalt with 
a magma .chamber at a depth of 2 K.ms. This is the lowest 
density noted in the literature for basalt, but was apparently 
consistent with the changes in the gravity field caused by the 
volcani~ eruption. 
Conclusions 
The experimental evidence favours .a low density for 
liquid basalt, a density whiCh will be reduced still further 
in nature by the presenae of 6% of dissolved water and other 
volatiles (Daly, 1944). In a magma of this type with a 
·' 
density differential of O•l - 0.2 gms/cc. it would be possible 
to s·tope large sections of the granitic and metasedimentary 
layers. This process would be facilitated by the increase in 
density of the upper crustal layers by cone sheet and ring 
dyke injection and the development of circumferential 
/// 
flexures. " ~ !- \ One~ .. ~~toped the granitic blocks woulQ. continue to 
sink until checked by either an increase in the·density or 
viscosity of the surrounding magma, or by the fusion and 
' 
assimilation of the block itself. This assimilation may be 
responsible for the later tholeiites. Daly has pointed out 
that the contamination of an olivine basalt magma by<a low 
· temperature quartz feldspar eutectic in the ratio .of 9 : 1 
would give rise to a tholeiite, i.e. tholeiites are not 
derived from a primary crustal layer, but are a syntectic. 
Current Theories on the Origin of Basalt 
Introduction . 
P~trology requires the existence of a primary and 
parental basaltic magma. The distribution of basaltic rocks 
in space and time, the remarkable uniformity of chemical 
composition, and the geometry of the lava flows a~d 
intrusions are concordant with the source ha~ing a world wide 
' distribution and occurring at depths of up to 150 Kms. 
·It seems reasonable to assume that the major dykes and 
fissures tapped a uniform earth layer capable of developing 
basaltic magma quickly and in large quantities, but incapable 
of differentiating at the source. Whether this layer is the 
classical Intermediate layer is doubtful, and current 
theories of origin prefer to derive basalt from within the 
mantle. 
For a large body of' magma to originate, one of two 
//::1-
conditions must hold good. Either: 
1. There must be partial melting o.f deep seated 
material of a different composition, or 
2. Complete melting of material at a shallower 
depth under temperature conditions temporarily 
raised above average. 
Under '(1) come the hypotheses of Bowen and Kuno which derive 
primary olivine basalt by the partial fusion of the mantle and 
under (2) the Intermediate layer theories of.Daly,.Anderson 
~d Kennedy in which the total melting of a basaltic layer, or 
layers, is assumed to occur. 
Fusion within either the mantle or the ~nter.mediate layer 
requires either an increas·e in temperature, a reduction in 
pressure, or both. Theories of origin then can be divided 
into those involving temperature, and tho.se involving pressure 
changes. 
Intermediate layer theories 
The Intermediate layer of.seismology - if it exists -
lies within 15-35 Kms. of the surface, and the problem posed 
by the Intermediate layer theories is increasing the 
temperature within ·this layer so as to produc.e local or 
regional fq.sion. 
There are considerable difficulties in extrapolating 
the thermal gradients observed at the surface to depths of 
100 Kms. or more (see Verhoogen, 1956) and the temperatures. 
within the crust and upper mantle are variously estimated as 
being in the range 300° - 700°0 at 20 Kms. rising to 
. .. 7oo0 - 1200°0 at 100 Kms. These are considerably lower than 
Gutenberg• s previous estimates of 1500°0 a.t l.OO Km.s., and 
·vitiate Wolff's (1944) conclusion that the temperature in the 
mantle below 70 Kms. is everywhere greater than the melting 
point of olivine. Under the prevailing press~re conditions of 
11.103 bars and the calculated effect of pressure on the 
melting point of basalt, it ·seems unlikely under normal 
conditions that these temperatures will produce anything other 
than a partial melting of the Intermediate layer. 
In a tectonically active area such as the West Indies, the 
Intermediate layer may be depressed in the. roots of a tectogene, 
partially melting and producing an andesitic magma. In a 
tectonically stable area such as the western coast of Great 
·Britain no such ne chanism can be invoked and in any case the 
prevailing magma type is basaltic ar1d riot andesitic. Radio'active 
heating caused by thermal blanketing by sediments is unlikely 
with the thicknesses of sediments involved. 
Two other possibilities remain: either 1) A regional 
increase of temperature within the:.:.layer could be produced by a 
conv~ctional overturn. This would temporarily raise the · 
material at the base of the layer above its normal te~yerature, 
the surplus heat then being dissipated by conduction. Or 
2) The pressure on the layer could be reduced so as to permit 
fusion at the existing temperature. This is more or J.,.ess what 
Daly envisaged in. the p~riodic fusion of his vitreous basaltic 
substratum. 
The generation of basaltic magma as a result of major 
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fissures lowering the pressure on the substratum was developed 
in so:ne detail by Osmond Fisher in 1885. This presupposes 
that the crust is in state of' tension, which is a reasonable 
supposition in the Tertiary Volcanic Districts. Fisher, like 
Daly, envisaged the basaltic substratum as being in a glassy 
state verging on fusion, a very slight increase in temperature 
or decrease in pressure being sufficient to start the ascent 
of magma. The vitreous layer is not consistent with the 
present seismological evidence ~nd the temperatures within 
the Intermediate layer seem inadequate. The temperature 
problem;>_ 1s even more acute in the case of oceanic basalts, 
the Intermediate layer being much shallower. 
The concept of' a lower layer •verging on fUsion• has 
recently appeared in a paper by Press (1959). A low velocity 
channel at a depth of' greater than 100 Kms. revealed by 
G waves may, it is suggested, be a source of primary basalt 
magma, and also represent the zone where the mantle is 
decoupled from the crust for. tectonic purposes. -This layer 
is quite distinct from the old Intermediate layer, and fits 
in better with current "theories which derive .the primary 
basalt from the mantle. 
Mantle theories 
The na·ture of' the mantle itself' largely turns on the 
nature of' the Mohorovicic discontinuity. This is variously 
regarded as representing either a change in composition, a 
phase change, or the original surface of' the earth. 
Whilst there is no direc.t evidence for the chemistry of 
_//~ 
the mantle,. seismic results suggest that it is probably 
composed of heavy silicates of Fe and Mg with a density of 
3.32 gmsjcc. Thus, the mantle was fol'merly thought of as 
being essentially homogeneous and consisting of either 
dunite or peridotite, .or as Holmes thought - eclogite. More 
recent seismic results show considerable variations in wave 
velocities within the mantle which must reflect a variation 
0 in mineral constitution. Hill (195J) finds it surprising 
. . 
that the material below the. Moho has the same compressiona~ 
wave velocity whether it is 11 or 35 Ktns •. deep. The 
variation in depth, he thi~ks, must represent soma change 
in the chemistry. 
If the upper mantle is heterogeneous, the der'ivation 
of basalt by partial fUsion probably needs re~examination, 
since the distinguishing feature of basalt is its remarkable 
similarity of chemical composition, physical properties and 
radioactive cons.tituents irrespective of either age or 
. location. 
Many materials undergo polymorphic changes to denser 
forms when moderate pressures are applied, and as far back as 
1918, Fermor discussed the significance of eclogite as a high 
pressure form of gabbro. This ultimately led to the 
hypothesis of an eclogite shell beneath the Moho. After 
discussing the petrographic and chemical evidence for the 
composition of the upper mantle, Ringwood (1958) comes to the 
conclusion that the upper mantle is dominantly peridotitic 
w·ith eclogite as a minor by widely distributed constituent. 
/.16 
The dunite-peridodite layer grades downwards into material 
of garnet-peridotite composition and this is believed to be 
the present· source of basaltic magma. The exact depth at 
which the phase change eclogite - basalt takes place is 
unknown. 
This suggests that the oceania lavas are samples of 
denser sub-crustal na terial wh:ID h has reached the surface 
in a ~iquid state and then solidified to a normal low .. 
;· 
temperature mineral assemblage. In an explanation of the 
positive gravity anomalies over the tensional .. Red Sea 
' .. 
Rift, Girdler (1958)·has suggested that the rift is filled 
with basaltic material derived from below the Moho by a 
phase change. The phase change was consequent upon a 
re.duction in pressure caused by rifting. 
Conclusions 
The above discussion is·far from comprehensive, but 
it indicates the main trends of thought. Present day seismic 
studies are rapidly disproving the existence of' a uniform, 
world encircling intermediate layer. Similarly, studies 
of the t~ermal gradient reveal that the layer is too shallow 
to be the source of the major plateau basalts. The 
recognition of considerable inhomogeneity within the upper 
mantle suggests that the ultimate source of' basalt must be 
sought at 150 rather than 50 Kms. 
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The Origin of the Te~tiary Basalts 
Two·principal lines of evidence assist in determining 
the origin of the Tertiary basalts. and Tertiary centres of 
western Scotland. 
1. The regional gravity field is positive throughout 
the area and as far west as s. Kilda, and it has already 
been suggested (Browne and Cooper, 1950) thata rising 
convection curr~nt leaving an excess of mass at the 
. surface could be the cause of the anomaly. This has 
several attractive features notably - it provides an 
adequate source of heat·for convectional overturn or 
direct fUsion and so resolves one of the problems of 
the Intermediate layer theories;. and secondly, the 
upward and outward move.ment of the current and the 
increase in volume of the mantle would produce 
tension cracks within the· crustal layers. 
2. The region is one of tension. This-was pointed out by 
Evans (1924) who related the crustal stretching to a 
westerly drift towards the Atlantic abyssal plain 
west of· Rockall. . 
A convection current within the mantle provides both 
heat and tension, the second theory tension alone. Both 
could produce basalt by an eclogite-basalt phase change. The 
rift like character of the Minch.Graben and the general north-
south lineation of the Tertiary centres as a whole, suggest 
that a phase chang~ mechanism of the Red Sea type (as was 
postulated by Girdler) might have some relevance to the 
Tertiary problem. 
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APPENDIX F1g.3() 
RATIO PF ANOMALY AT C£NTR~ TO ANOMALY OVER £.06£ FOR A VE:RTICAL CYLINDER 
0 l 
. ' 
2 
DEPTH 
RAQIUS 
RATIO h1(" 
2 
l 
o•s 
3 
0·550 
0·531 
0•5l0 
0•485 
TO FIND THE RATIO,OF THE ANOMALY OVER THE CENTRE TO 
. ' 
THE ANOMALY OVER THE EDGE FOR A VERTICAL CYLINDER. 
From the figure, the attraction of the shaded portion· is: 
_9 ;" [ et. +- h - ( 4"' • h 'Z) "'1.. J dB, 
Therefore, the total attraction is: 
~ ~ 
ZIJ.t>!( ..1.,. e, e ~ ") ce -l.fl..l" f ~.--sm '"e + ~ .. ) ~"-
--
The latter is an elliptic integral and has solution: 
(#-~#. ... h '%. )'~ f; {At., ~) ~,h-,....A. ~ "'( ¥,-a. £)~. 
. . ' ~,., .... ...,. ,1, 
Therefore the ratio attraction over edge I attraction over centre 
is: .:z,- + ~ - (~·"' -.,_h z l E; {Az, !fl_ 
7T{/~ ~ ~ {,.._+h1.)~ 
~he .~~~~o_bas b~en plotted for differing values of r-and h 
as shown on Fig.30 
G is the gravitational constant 
a is the length of the chord 
IJ i_s the angle subtende4 
his-the height of the cylinder 
r. is the radius of the cylinder 
p is the density• 
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